University of Connecticut

OpenCommons@UConn
Doctoral Dissertations

University of Connecticut Graduate School

1-26-2018

A Quantitative Understanding of Moisture
Induced Flow Variability and Triboelectric
Charging in Pharmaceutical Powders
Raj Mukherjee
University of Connecticut - Storrs, raj.mukherjee@uconn.edu

Follow this and additional works at: https://opencommons.uconn.edu/dissertations
Recommended Citation
Mukherjee, Raj, "A Quantitative Understanding of Moisture Induced Flow Variability and Triboelectric Charging in Pharmaceutical
Powders" (2018). Doctoral Dissertations. 1707.
https://opencommons.uconn.edu/dissertations/1707

A Quantitative Understanding of Moisture Induced Flow Variability and
Triboelectric Charging in Pharmaceutical Powders
Raj Mukherjee
University of Connecticut, 2018

Abstract
The prevalence of solid dosage formulation in pharmaceutical industr y
necessitates a comprehensive understanding of the intricate details of the complex
interactions mediating particle dynamics to optimize the overall processing and
manufacturing technique s. The present research employs experimentall y validated
modeling tools (Discrete Element Method) and systematic statistical formalism to
address the potential variations in the dynamics of pharmaceutical powders due
to friction mediated static charging (t ribocharging) and that of moisture induced
cohesion. The present work explores to process model triboelectrification during
hopper discharge and hopper -chute flow, investigate the mechanisms of charge
transfer in identical materials, implement statistical tools to anal yze charge
transfer

in

pharmaceutical

mixtures,

determine

the

flow

variabilit y

in

pharmaceutical powders due to moisture induced cohesion at different humidit y
conditions and finally develop a cumulative modelling approach to assimilate
experimental data with DEM and statistical models to unfold the cohesion
mediated interactions between different pharmaceutical excipients due to
variations in moisture contents. The results achieved from the experimentall y
validated multi -scale models, render a quantitative perspective of the various
physical parameters altering particle dynamics, those might be potential to

Raj Mukherjee
University of Connecticut, 2018

significantl y reduce the experimental efforts, save resource s and costs, decrease
the number of rejected batches during scale -up, thereby ensuring the qualit y of
the manufactured product.
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Chapter 1
Introduction and Organization of Thesis
The prevalence of solid dosage formulation in pharmaceutical industry
necessitates a comprehensive understanding and optimization of the particulate
processing and manufacturing techniques (Sarkar, Mukherjee, & Chaudhuri,
2017). Particulate processing in the pharmaceutical industry is a conglomeration
of complex multi -step processes, those demand better understanding of the
different nuances of the alterations of the inter -particle interactions in each step
(Naik, Mukherjee, & Chaudhuri, 2016) . Pharmaceutical powders are insulators
with high resistivit y and hence, are susceptible to accumulation of significant
static charging. Friction mediated static charging is termed as triboelectrification
or tribocharging. Several operations including milling, blending, pneumatic
transport, and silo discharge, have all been impacted due to the numerous hazards
posed

by tribocharging,

over

the

years .

The

inherent

disadvantages

of

tribocharging in pharmaceutical manufacturing include jamming, segregation,
agglomeration, material loss due to adhesion, and reduced fill, all of which are
pertinent to content uniformit y issues (Gibson, 1997; Gold & Palermo, 1965;
Šupuk et al., 2012). The lack of unanimity on the hypothesis leading to insulator insulator charging further complicates understanding the subtle intricacies of the
phenomenon, making it difficult to address the enmeshed disadvantages of
triboelectric

charging.

Effects

of

moisture

in

pharmac eutical

particulate

processing are also multi -faceted and can be experimentall y exhaustive to
quantify the individual effects of different counter -acting forces. Inter-particle
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cohesive forces can be altered by variations in m oisture contents due to changes
in the surface energy, surface conductivit y or by capillary condensation
(Hiestand, 1966). Previous studies mentioned in the literature reports worsening
of pharmaceutical powder flow with the increase in moisture content, mainl y due
to the formation of liquid bridges at higher humidit y conditions (Emery, Oliver,
Pugsley, Sharma, & Zhou, 2009) . Alteration in surface energy modifies the van
der Waal’s forces (Capece, Ho, Strong, & Gao, 2015) and added moisture layer
could further strengthen the same by reducing the inter -particle distances.
Presence of moisture, on the other hand, may also induce lubrication, decrease
surface asperit y mediated friction and interlocking of powder particles.
Electrostatic forces reduce with increasing moisture content because of the
conductive properties of water and related grounding effects (Naik, Mukherjee,
et al., 2016). The manifold variables along with unknown material properties,
make it arduous to predict the flow properties of a new API or excipient or their
mixture without detailed experimental investigations, requiring significant time
and resources.
During the course of the rese arch, Discrete Element Method (DEM) based
models have been implemented along with statistical tools, to anal yze charge
transfer in single-component systems, in pharmaceutical mixtures, between
different particle sizes of identical materials (Mukherjee et al., 2016) and
variation in cohesion in pharmaceutical powders due to alteration of moisture
contents (Mukherjee, Mao, Chattoraj, & Chaudhuri, 2018) . A systematic study of
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triboelectric

charging

and

moisture

induced

cohesion

in

pharmaceutical

particulate s ystems, have been addressed with the following specific aims,
Objectives and Aims
The

overall

objective

of

the

research

is

to

systematicall y

develop

experimentall y validated process modeling techniques to understand and quantify
charge transfer and moisture induced cohesion in pharmaceutical powders.
Specific Aims:
1) Experiments,

Simulation,

and

Statistical

Modeling

to

investigate

triboelectrification phenomenon in pharmaceutical powders

I.

Experimental investigation of triboelectrification phenomenon in single
component mono-dispersed and bi-dispersed particles

II.

Implementation of multi-scale models to predict tribocharging in
pharmaceutical powders with a focus on understanding charge transfer
between identical materials

III.

Development of a statistical model to predict charge variations in two component and three-component pharmaceutical mixtures

2) Experiments, Simulation, and Statistical Modeling to investigate moisture
induced cohesion in pharmaceutical powders
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I.

Development of experimentall y validated DEM model to predict
moisture induced cohesion in pharmaceutical powders

II.

Investigation of moisture induced cohesion in pharmaceutical mixtures
by implementation of statistical tools to quantify the interaction
parameters between different powders

Outline
Chapter 2 explores the heterogeneous charge distribution in granular materials
during hopper discharge, encompassing the potential impacts of hopper geometry
and particle properties on tribocharging. Discrete Element Modeling of work
function mediated charge transfer is implemented to confir m the experimental
observations and determine the intricacies of triboelectrification in mono dispersed single component s ystems.
Chapter 3 investigates the charging between two different size fractions in
identical materials during hopper -chute flow. Densit y Functional Theory (DFT)
is implemented to predict the work function differences in identical materials
based on variable moisture sorption and has been incorporated in the previousl y
developed DEM model to confirm the probable mechanisms bipolar chargi ng in
identical materials.
Chapter 4 focuses on the development of a statistical model to predict
tribocharging in pharmaceutical mixtures. Impact of work function differences,
moisture contents, particle size and spreading coefficients have been investiga ted
by statistical tools to explain the variability in charging in mixtures compared to
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individual components. The statistical model was able to explain a major fraction
of mixture charge based on the blending concentrations.
Chapter 5

focuses on simple

experimental techniques followed by

the

development of DEM models to predict the effects of humidit y on pharmaceutical
powder flow by altering the cohesive forces based on granular bond numbers in
simple hopper geometries. Vibration algorithms have been further incorporated to
predict the flow behavior of cohesive particles which did not flow under gravit y.
Chapter 6 determines the alteration in interaction parameters between different
materials in pharmaceutical mixtures at varying humidit y conditions. S tatistical
formalism has been performed on the previousl y developed DEM model for
moisture induced cohesion, and the variation of the cohesive forces between the
different materials due to differences in moisture contents have been quantified.
Summary and Future Work
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Abstract
Triboelectric charging is def ined as the phenomenon of charge transfer
between two different material surfaces when they are brought into contact and
separated. The present study focused on developing a Discrete Element Model to
predict tribocharging during hopper discharge. Due to decreased particle-wall
interaction and reduced particle wall contact time, the net charge generated was
low. The DEM based model confirmed the same, and was implemented to predict
the triboelectric behavior of Glass Beads and MCC particles during hopper
discharge, and also to predict the percentage of charged and uncharged particles.
Almost 70% of the particles remain ed charge-less during the hopper discharge,
rendering a comparativel y high amount of charge distribution in a small
concentration of materials. The Discrete Element Model act ed as a predictive tool
in anal yzing the charge transfer at different parametric conditions during hopper
discharge, and hence can be a useful tool in charge mitigation by appropriate
selection of hopper angles, and hopper wall materials.

Keywords: Tribocharging, Work function, Hopper Flow, Discrete Element
Modeling
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1.

Introduction
Tribocharging or triboelectrification is defined as the charging of two

different material surfaces when they are brought into contact and separated (J
Lowell & Rose-Innes, 1980), causing the material surfaces to charge either
positivel y or negativel y depending on the m aterial properties and the mechanisms
of charge transfer. Charging due to triboelectrification is a common phenomenon
in dry particulate processing and manufacturing. Over the years, operations like
milling, blending, pneumatic transport, and silo dischar ge, have all been impacted
due to the numerous hazards posed by tribocharging. The inherent disadvantages
of tribocharging in pharmaceutical manufacturing include jamming, segregation,
agglomeration, material loss due to adhesion, and reduced fill, all of which are
pertinent to content uniformit y issues (Gibson, 1997; Gold & Palermo, 1965;
Šupuk et al., 2012). Static electrification in the presence of flammable gases a nd
solvent fumes can also pose severe fire hazard s in the pharmaceutical or chemical
industry. Although tribocharging involves multiple risks, the phenomenon has
also been exploited for the benefit in diverse applications including electrostatic
precipitation, electrophotography, particle separation and dry coating (Bailey,
1998; Farnoosh, Adamiak, & Castle, 2011; Oglesb y, 1978; Willems, Welten, &
Marland, 1995).
Triboelectrification in conductors or metals have been investigated
extensivel y for many years and has been perceived to be a process of electron
transfer between two metal surfaces, driven by the work function difference of
the interacting materials to ac hieve equilibrium (Webb, 1930). The work function
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of a material is defined as the energy or thermodynamic work required to remove
an electron from a solid surface. A material having higher work function will
charge negativel y when in contact with another material surface having lower
work function, as electrons can be removed easil y from the later. However, the
pharmaceutical powders are insulators with high resistivit y and slow relaxation
times (Peart, 2001). The ambiguit y shrouded in insulator -metal or insulatorinsulator contact tribocharging is not well addressed, and theories proposed in
literature lack unanimit y. The probable mechanisms of charge transfer during
insulator-metal or insulator-insulator contacts might include electron transfer, ion
transfer, bond dissociation, chemical changes, and material or mass transfer
(Gooding & Kaufman, 2014) . The most common charge transfer species in
pharmaceutical powders are considered to be either electrons or ions (Naik et al.,
2015). In case of ionic pol ym ers, the mobile ions are regarded as the primary
charge transfer species (A. Diaz & Felix -Navarro, 2004; A. Diaz & Fenzel Alexander, 1993; A. F. Diaz & Guay, 1993) . The non-ionic polymers do not have
such mobile ions. The ion transfer mechanism in non -ionic polymers is explained
by preferential surface adsorption of hydroxide ions from the atmosphere
(McCart y & Whitesides, 2008) . However, the theories may fall short to describe
tribocharging in non-ionic pol ymers at very low humidity conditions. The
alternative hypothesis proposed is the electron

transfer model. Electron

conduction in insulators has been reported extensivel y in the literature (Watson,
1995). Insulators can acquire charges and different polarities during metal insulator or insulator-insulator contacts due to the presence of defects at the
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insulator surfaces (Lacks & Mohan Sankaran, 2011 ). The insulators have trapped
electrons present in the band gap, and those electrons are available to be
transferred to lower energy state. Due to the presence of different electronic
configurations, electron transfer is possible between various material surfaces.
Hence, the effective work function difference between two insulators provides an
opportunit y to predict the magnitude and polarit y acquired during different
surface contacts. The factors affecting t riboelectric charging is multifaceted and
may also vary based on various material physio -chemical properties such as
surface roughness, impurities (Zhao, Castle, Inculet, & Bailey, 2000) , moisture
content (Cartwright, Singh, Bailey, & Rose, 1 985; Choi, Taghavivand, & Zhang,
2017) or the lack of homogeneit y in particle size distribution in identical
materials (J. Lowell, 1986) .
The present study focuses on a Discrete Element Model (DEM) to identify
the variations in triboelectric charging during hopper flow at various parametric
conditions. Although triboelectrification in pharm aceutical processing has been
studied extensivel y, tribocharging during hopper flow has not been explored
widel y, as it is challenging to characterize charging due to short particle -wall
contact time during the flow. However, few previous studies mentioned in
literature reflects the variations in static charging during hopper flow. Gold &
Palermo, performed a detailed study on the difference of particle charging during
hopper flow based on the material crystallinit y, the presence of diluents,
lubricants, particle size and moisture concentration. The focus of the drug
processing shifting to the continuous manufacturing techniques inc reases the
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chances of repetitive particle -particle and particle -wall interaction leading to
contact electrification, necessitating simple predictive tools to reduce the
potential disadvantages. Computation models to predict triboelectric behavior can
provide appropriate parameters to minimize triboelectric charging during various
pharmaceutical processing. The prevalence of hopper usage in bulk solid handling
in pharmaceutical industry necessitates the understanding of the differential
tribocharging behavior of the powders (drugs and excipients) during discharge.
Appropriate selection of hopper material and geometry may lead to a reduction of
tribocharging mediated impediments (Pu, Mazumder, & Cooney, 2009) , and the
work-function models can be implemented as a quantitative method to predict the
same. Recent studies have suggested the effective work -function difference could
be achieved as a useful predictive tool to anal yze tribocharging in pharmaceutical
systems. An experimentall y validated tribocharging model is further modified and
is implemented to understand the triboelectric behavior of particles during hopper
flow. In the course of this study, we demonstrate the charging tendencies of
particles during hopper flow, the variations in charging at diffe rent parametric
conditions, and also the potential limitations of the computation model. Two
different MCC particle sizes have been implemented for the experimental study
along with Glass beads as a control (spherical, negligible moisture content at low
humidit y conditions).
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2.

Methods

2.1.

Experimental Methods
The hopper flow experiments were performed with two different materials,

(i) Microcrystalline Cellulose (Vivapur MCC Spheres 1000 m and 100 m) and
(ii) glass beads (Ceroglass, Size-1mm), in a Pol ymethyl (met hacrylate) (PMMA)
hopper. Fresh materials were stored in a humidit y controlled glovebox at 20% RH,
25 C and allowed to equilibrate for up to 21 days to reduce the residual charge
on the particles . The humidit y equilibrated powder was loaded into a closed
conical hopper. Once, the particles settle inside the hopper; the particles were
released from the orifice by disenga ging the dam of the hopper and we re collected
in a Faraday cup connected to a nano -Coulombmeter. The tribocharging was
quantified as specific charge which represents the total charge per unit mass of
the materials and was reported as nano-Coulomb/gram (nC/g). The net volatile
content and moisture content of the equilibrated MCC particles were calculated.
TGA was performed to measure the net volatile content of the MCC particles by
the TGA Q500 (TA instrume nts), and the moisture content wa s anal yzed using
Computrac Vapor Pro (Arizona Instruments). Specific surface area for MCC
100 m was calculated by nitrogen ads orption 5 point BET method using NOVA
200e Quantachrome Instruments. Specific surface area for MCC 1000

m was

inconclusive from the BET studies due to high particle size and low specific
surface area. The surface area for MCC 1000

m was calculated using true densit y

and size of individual spheres. Due to short contact time during flow through a
conical hopper and the limitations to characterize the charging patterns, studies
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were also performed in a vibrated cylindrical hopper with a closed orifice as an
alternative. The particles we re deposited in the cylindrical hopper (PMMA), and
vibrated at a constant amplitude (0.025 mm) and frequency (60 Hz) for 600
seconds and collected into the Faraday cup to confirm the charging patterns.
2.2.

Computational Method

2.2.1. Modeling of work function
The effective work function difference between materials dictates the
electron transfer mechanism and electrostatic force interactions between the
surfaces. The work function of the materials can be estimated either by
experiments (Photoemission spectroscopy or Kevin -Zisman method) (Itakura,
Masuda, Ohtsuka, & Matsusaka, 1996; Matsusaka, Maruyama, Matsuyama, &
Ghadiri, 2010), or using computational tools like ab initio Densit y Functional
Theory or semi -empirical molecular orbital calculations (Naik, Mukherjee, et al.,
2016). The contact potential difference between different surfaces can vary
depending on the c hemical structure, allowing the work function of a dielectric
material to be calculated in terms of ionization potential and energy gap between
Highest Occupied Molecular Orbital (HOMO) and Lowest Unoccupied Molecular
Orbital (LUMO). This is expressed as (Trigwell, Grable, Yurteri, Sharma, &
Mazumder, 2003):
𝜑=χ– ½ E g

(1)

where, E g is the energy gap between HOMO (Highest Occupied Molecular Orbital )
and LUMO (Lowest Unoccupied Molecular Orbital), χ = Ionization Potential, 𝜑 =
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Work Function. Semi -empirical calculations was implemented to predict the
effective work function differences of the materials under consideration (Naik,
Hancock, et al., 2016) . Semi-empirical calculations were performed using
MOPAC software from structures generated with AVOGADRO 1.0.3 with
Restricted Hartree–Fock (RHF) PM3 formalism for multi -electron systems
(Sarkar, Cho, & Chaudhuri, 2012) . The semi -empirical calculations restrict the
use of surface slabs during the computational calculations. Hence, impact of
moisture on the effective work function differences for MCC surfaces could not
be calculated by this method . Densit y Functional The ory treats the electron
densit y as a function of space and time providing an approximate treatment of the
correlated motions of electrons, while RHF deals directl y with many body wave
functions providing onl y an average (Sholl, 2009). The first -principles based DFT
computation was performed later in Chapter 3 to predict any moisture induced
work function differences .
2.2.2. Modeling of Particle Dynamics
Discrete Element Method (DEM) tracks the trajectory of granular materials
in a defined boundary by calculating the forces and torques acting on the
individual particles at small time steps (Cundall & Strack, 1979) . The net force
(∑ 𝐹𝑖 ) acting on each particle at any time point is given by the sum of the
gravitational force ( 𝑚𝑖 𝑔) and the inter-particle (i.e. normal ( F

N)

and tangential

( F T )) forces, and is expressed as,

∑ 𝐹𝑖 = 𝑚𝑖 𝑔 + 𝐹𝑁 + 𝐹𝑇

(2)
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where 𝑚𝑖 is the mass of the particle and 𝑔 is the acceleration due gravit y. The
corresponding torque ( ∑ 𝑇𝑖 ) on a particle of radius 𝑟𝑖 is calculated as the sum of
the moment of the tangential forces ( F T ), and is expressed as,
∑ 𝑇𝑖 = 𝑟𝑖 × 𝐹𝑇

(3)

The normal forces ( F N ) for inter-particle or particle -wall collisions are calculated
with the “partiall y latching spring force model” (Walton & Braun, 1986), and the
tangential forces ( F T ) are calculated by the “incrementally slipping friction
model” (Walton, 1993). In all cases, the frictional limit follows 𝐹𝑇 ≤ 𝜇𝐹𝑁 where
𝜇 is the coefficient of friction. This is followed by integration of Newton’s second
law of motion, to obtain the updated 3D co -ordinates and orientation of the
particles. Once the calculation of the individual time step is completed, the
algorithm initializ es the updated co -ordinate set as the basis for the calculation
of the next time step.
In the course of this study, hopper discharge simulations were performed at
different parametric conditions to predict the charging patterns of the particles
and the hopper walls. The particles were initiall y loaded into the conical hopper
geometries with the closed orifice. Once the particles settle under gravit y inside
the hopper, the orifice is opened, and the particles we re allowed to discharge.
2.2.3. Modeling of Charge Transfer
A charge transfer algorithm wa s further introduced into the DEM model to
consider the particle -wall electrostatic interactions based on the condenser model
proposed by (Matsusaka, Ghadiri, & Masuda, 2000) . The model calculates the
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total potential difference (𝑉) between two surfaces based on the contact potential
(𝑉𝑐 ) and the induced potential (𝑉𝑖𝑛 ). The contact potential difference V c is defined
as,
𝑉𝑐 = −(𝜑1 − 𝜑2 )/𝑒

(4)

where, (𝜑1 − 𝜑2 ) represent the work function or surface potential differences of
the materials and e refers to the elementary electronic charge (1.62×10 - 1 9 C ). The
amount of charge transferred ( ∆𝑞𝑐 ) due to contact potential difference is expressed
as,
(5)

∆𝑞𝑐 = 𝐶0 𝑉𝑐

where C 0 is the capacitance between the two contacting bodies and is defined as:
(6)

𝐶0 = 𝜖0 𝑆/𝑧

𝜖0 is the absolute permittivit y of free space (8.854× 10 − 1 2 F· m − 1 ), S is the contact
area and 𝑧 is the cutoff distance for charge transfer considered as 250 nm (J
Lowell & Rose-Innes, 1980) . The DEM model for particle dynamics may acc ount
for numerous time steps during a collision. To restrict excessive charge
accumulation due to multiple collisions in a single time step, charge transfer is
onl y considered to be triggered by the maximum contact forces between the
surfaces (Matsusaka et al., 2000; Naik et al., 2015; Wa tanabe et al., 2007) . The
induced potential 𝑉𝑖𝑛 is dependent on the charge of the approaching particle and
is defined as,
𝑧𝑞𝑗

𝑉𝑖𝑛 = 4𝜋∈

0 𝑟𝑗

2

(7)
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where, 𝑞𝑗 is the magnitude of charge of the approaching particle. Pharmaceutical
systems are dense particulate systems and to account for the impact of the
neighboring charged particles, the electric field is determined based on the
superposition principle (Laurentie, Traore, Dragan, & Dascalescu, 2010) . The net
charge accumulated by the individual particle is assumed to be distributed
homogenousl y across the particle surface an d is calculated by,
q n = q initial + ∆q c − 𝜖0 𝑆 (Eij .

̂
d
)
⃗|
|d

(8)

where, 𝑞𝑛 is the new charge on the particle. 𝐸𝑖𝑗 is the electric field between the
particles, and 𝑑̂ is the position vector between the particles.

2.2.4. Modeling of electrostatic forces
The Columbic force(Bueche, 1970; Naik, Sarkar, Gupta, Hancock , et al.,
2015a) (𝐹𝑐 ) acting on an individual particle with charge q i due to the presence of
another particle with charge q j , is given by,
𝑞 𝑞𝑗

𝐹𝑐 = 4𝜋𝜀𝑖

𝑜𝑟

2

(9)

r is the distance between the particles. To predict the variation in particle
dynamics due to the non -homogenous charge distribution within the granular bed
an effective Screened Columbic(Hogue, Calle, Weitzman, & Curry, 2008; Wang,
Liu, Burton, Jaswal, & Ts ymbal, 2012) (𝐹𝑠𝑐 ) force had also been computed based
on the approach by Hogue (Hogue, Calle, Weitzman, & Curry, 2008) . The
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Screened Coulomb force (𝐹𝑠𝑐 ) experienced by a particle with charge 𝑞𝑖 separated
by distance r from another particle 𝑞𝑗 in presence of other charged particles within
a defined screening distance is expressed as ,
𝑞𝑞

𝜏

1

𝑖 𝑗
𝐹𝑠𝑐,𝑖 = 4𝜋𝜀
(𝑟 + 𝑟 2 ) 𝑒 −𝜏𝑟
𝑜

(10)

𝜏 is expressed as,
𝜏 = 𝑞𝑒 √(𝐾

1

𝐵 𝑇𝜀𝜀0

∑𝑖 𝑛𝑖 𝑧𝑖2 )

(11)

is the relative permittivit y of the medium, T is the temperature in Kelvin, K B is
the Boltzmann’s constant (1.38×10 - 2 3 JK - 1 ), and n i is the number of particles with
charge z i within the screening distance. The hopper wall was discretized
horizontall y in sections of equal height to account for the electrostatic interaction
between walls and the particles. The net force s acting on each particle is modified
accordingl y to predict the dynamics of individual particles as,
∑ 𝐹𝑖 = 𝑚𝑖 𝑔 + 𝐹𝑁 + 𝐹𝑇 + 𝐹𝑠𝑐,𝑖

(12)

The baseline DEM parameters are represented in Table 1.
2.2.5. Model Assumptions
(1) Charge transfer between surfaces is mediated by electron transfer due to
effective work function differences, and charge transfer occurs onl y during the
maximum contact force between the colliding surfaces
(2) The charge is homogen eousl y distributed on the particle surfaces, and the
maximum surface char ge densit y is assumed to be 2.66×10 − 5 C m − 2 based on the
atmospheric breakdown voltage. (Hogue et al., 2008).
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(3) The model accounts onl y for spherical particles with smoo th surfaces. The
initial charge on the particles or wall surface is considered negligible.
3.

Results

3.1. Work function
The semi-empirical calculations suggest ed the work functions in the order
Glass (5.32 eV) > MCC (5.11 eV) > PMMA (4.51 eV). This allowed to predict the
charging polarit y of the materials when they c ame in contact with each other.
Glass or MCC would both accept electrons when in contact with the PMMA
surfaces, due to the higher work function of the materials compared to PMMA and
were likel y to charge negativel y.
3.2. Experiments
MCC particles and glass beads both acquire d negative charges during the
hopper flow studies against the PMMA hopper surface. The results were in
accordance

with

the

work

functions

obtained

from

the

Semi -empirical

calculations. However, the net charge on the discharged particles during hopper
flow was lower when compared to the charge accumulated in particles during other
manufacturing processes like chute flow or blending (Mukherjee et al., 2016;
Naik, Sarkar, et al., 2016) . The lack of charging could be explained by the fact
that onl y the particles in contact with the hopper walls acquire charges, while the
particles flowing along the centerline were uncharged or were less charged when
compared to the particles flowing along the walls. The disparity in charging ma y
lead to segregation in pharmaceutical mixtures, while excessive charging along
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the walls could also be the potential cause of particles sticking to the hopper
walls, leading to material loss. Although the charging was low, the glass beads
mostl y charged higher than the MCC particles (Fig. 1). No significant difference
in discharge rates was obtained for either glass beads or MCC particles,
suggesting the charge generated during hopper flow may not alter the discharge
dynamics. The specific charges on the smaller MCC particles were higher than,
the larger beads due to the increased surface area (Table. 2). The total charge of
the system also increased with the hopper angles because of the increase in normal
contact forces. The net charge of the MCC 1000 increased to -0.05±0.01 when the
hopper angle was increased to 30 . The charging across the hopper is dependent
directl y on the available particle surface interactions, and increasing the fill mass
of the glass beads increased the charging proportionatel y (Fig. 1).
The charge generated on the hopper surfaces itself may not be uniform, and
maximum particle sticking occurred near the orifice. The glass beads st uck more
on to the hopper surface when compared to the MCC materials. To further confirm
the unequal distribution of charge on to the hopper surface, the pre-used materials
were allowed to flow through t he hopper, over and over again , and the region of
maximum sticking was estimated to be the region of maximum charging. Severe
sticking was observed near the orifice , with the glass beads finall y leading to
arching and no flow conditions. No arching was found for MCC particles .
However, severe particle sticking near the orifice region was observed , with few
particles traveling parallel to the orifice across the conical part, due to strong
electrostatic interactions .
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The charging studies were further performed in cylindrical hoppers (PMMA
cylinder, with an orifice at the bottom) for MCC 100 and MCC 1000 particles ,
both of which charged negativel y as was seen in the hopper discharge studies . The
materials were vibrated at different concentrations , and a non-linear trend of
charging was observed as the concentration of the large and small particles were
altered (Fig. 2). The MCC 100 particles were found to charge lesser compared to
MCC 1000 when collected from the vibrated cylinder. The MCC 100 particles
were prone to sticking to the cylinder walls, and formed a layer immediatel y after
settling, allowing less interaction of the bulk of the particles with the wall. No
visible sticking was seen for the MCC 1000 particles.
The net magnitude of charge decreased for mixtures of MCC 100 and MCC
1000, compared to individual materials. However, in certain cases , the polarit y of
the charging was altered suggesting differential charge transfer capacities
between the small and large particles. The alteration of polarit y could be a
probable impact of inter -particle charge transfer between identical materials
based on particle size differences, leading to bipolar charging in identical
materials. This may be of profound importance, and lack of net or total particle
charging in pharmaceutical powder (usuall y having multiple size fractions)
systems may not necessaril y impl y lack of charge transfer. The bipolar charge in
the different size fractions may induce positive and negative polarit y, hence
nullifying some of the generated charges. The difference in specific moisture
contents (Table. 2) between different particle sizes of identical materials had been
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implemented in future works to explore the probable reasons bipolar charging in
identical materials.
3.3. Simulations
Work function differences
The triboelectric model for single component monodispersed particles
considers charge transfer onl y between the hopper walls and the particles. No
inter-particle charge transfer ha d been considered for those cases due to mono dispersit y assumption . Hence the magnitude of charge depend ed onl y on the
effective work function differences between the particles and hopper wall
materials. The baseline model studie d tribo-charging in two materials, (i) Glass
Beads, and (ii) Microcrystalline cellulose (MCC) against a hopper wall material
of Pol y (methyl methacrylate) [PMMA]. The glass beads charge marginall y higher
than the MCC particles. This could be subjected to the higher work function
difference between glass beads and PMMA compared to MCC (Fig. 3). The
negative polarit y in duced on all sets of particles was due to the higher work
function of the materials compared to PMMA, allowing electron transfer onl y
from PMMA to the particle surfaces. Any c harged particle in the central bulk of
the hopper flow was due to the propagation towards the center after impact with
the walls (Fig. 4). These trends were similar to previous studies reported for
electrostatic charging in grains flowing through the cylinder, where the particle
flowing along the center acquired an order of magnitude lesser charge than the
particles in contact with the cylinder walls (LaMarche, Liu, Shah, Shinbrot, &
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Glasser, 2009). For both the materials, almost two-third of the particles remained
uncharged during hopper discharge, and the net charge of the system was
contributed by the rest one-third of the particles. As a result, the charge of the
particles those in contact with the walls or have acquired charges due to contact
with the wall, had a significantl y high magnitude of specific charge, compared to
the total s ystem. This differential charging c ould be the source of segregation or
agglomeration in blends, as charged particles may behave differentl y compared
to uncharged particles, especiall y with the introduction of different materials
having dissimilar work functions.
Hopper angles
The same amount of material may show variabilit y in the charging patterns
based on the hopper angles, as it will involve both variations in the number of
particles in contact with the hopper wall and the contact time for charge transfer.
A steeper hopper angle would red uce the particle -wall contact time, allowing a
decrease in particle charging (Naik et al., 2015) . The DEM model predict ed an
increase in specific charge with the rise in hopper angle, the hopper angle b eing
measured from the vertical (Fig. 5). The percentage of uncharged particles also
decreasesd with the increase in the hopper angles. If the hopper angle decreased,
the normal contact forces increase d. The increment in normal forces would
increase the contact surface area during impact, resulting in higher charge
accumulation. Any potential electrostatic interaction can trigger sticking to the
hopper walls and can impact negativel y by initiating the formation of dead spaces ,
especiall y in the shallow hoppers. The hopper walls were further discretized to
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predict the charging on the hopper surface during particle discharge , based on the
vertical height. Any region of the hopper wall acquires d charging due to the
particles above or at the vert ical level of the hopper cross-section (Fig. 6). The
conical section near the orifice tends to acquire maximum charge accumulation,
which is apparent as the section undergoes maximum particle-wall collisions. A
constant sticking of particles near the orifice of a steeper hopper due to static
charging may induce arching and impart inconsistent or no flow conditions as had
been observed in the experimental section . Hence, it might be essential to choose
a hopper wall material with least effective work function difference from the
particles, in particular for hoppers with the smaller orifice and steeper angles.
Friction
The effect of the surface roughness of the hopper wall (PMMA) was studied
on one-component monodispersed particles (MCC) by altering the particle-wall
friction coefficients (

PW)

from 0.2 to 0.8 (Fig. 7). Triboelectric charging is

dependent on the frictional parameters, and the magnitude of the charge shall
increase with the increase of

PW,

as this would allow increased contact duration

with the hopper wall (Naik, Sarkar, et al., 2016) . A decrease in discharge rate was
obtained with the increase of particle-wall friction allowing more contact time
between the hopper walls and the particles. However, th e specific charge of the
system was relatively unchanged by the variations in particle -wall frictions. This
was caused by the decrease in the number of particles those come in contact with
the hopper wall with the increase in particle -wall frictions and was confirmed b y
an increment in the number of uncharged particles with the increase in frictional

26
coefficient. The particles which came in contact with the hopper walls at higher
friction values accumulate more charge compared to lower friction values, and
this was due to increased particle-wall contact durations. The absence of interparticle charge transfer led to the reduced impact of the inter -particle friction
coefficients on charge transfer and show ed negligible variation in the net specif ic
charge of the s ystem (Fig. 8). A small increase in the % uncharged particles were
obtained with the incre ase in inter-particle friction.
The rolling friction represents surface asperit y and can impact or can be
impacted due to triboelectric charging (Derjaguin & Smilga, 1964; Thiago,
Cristiane, Lia, & Fernando, 2013) . Pharmaceutical particles can roll, slide or
tumble along the container walls. Previous studies reported in the literature
suggest increased charge accumulation on rolling particles as the particle presents
every time a fresh s urface for charge transfer in the course of the flow (Ireland,
2010). The particle rolling resistance was modeled as a torque (𝑇𝑟 ) acting opposite
to the rotational motion produced by the tangential force (Zongyan et al., 2005) .
The rolling friction account ed for the rotational hindrance due to p article surface
asperities and wa s defined as,
𝜔

𝑇𝑟 = −𝜇𝑅 |𝐹𝑁 | |𝜔𝑖 |
𝑖

(17)

𝜇𝑅 is the coefficient of rolling friction, and 𝜔𝑖 is the angular velocit y of the 𝑖th
particle. The assumptions of the DEM model allow ed the surface charge of the
particles to be homogenousl y distributed and restrict ed the discretization of the
particle surface in terms of charge transfer. The specific charge increase d with
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the introduction in rolling friction in the model as the reduc tion in particle torque,
increased the net contact time for charge tra nsfer. As the rolling friction wa s
increased no change in charging patterns were observed (Fig. 9). To reduce
ambiguit y of the effects of the rolling friction in the DEM model, all studies were
performed with the assumption of the spherical particles without asperities.
Non-electrostatic forces
Static charging is the primary source of cohesive forces in dry charged
powder particles. At high humidit y conditions, the electrostatic forces tend to
fade away with the formation of liquid bridges and the charging decreases due to
the conductive effects of moisture along with related grounding effects.
Electrostatic charging of mono-dispersed particles flowing through a hopper is
mostl y confined to particles those come in contact with the hopper walls, and
hence a significant number of particles remain uncharged. At low humidit y
conditions, in dry, fine, neutral powders, the van der Waals interactions
(Castellanos, 2005) are the dominant forces . The van der Waals forces have been
modeled based on granular Bond Number (𝐵0 ) (Capece et al., 2015), where,
𝐵0 =

𝐹𝑣𝑑𝑊
𝑚𝑔

(18)

The dimensionless parameter 𝐵0 is independent of the particle sizes and represents
the ratio of cohesive forces due to van der Waal’s forces to the weight ( 𝑚𝑔) of
the individual particle. The DEM algorithm wa s modified such that the van der
Waals forces were modelled onl y for uncharged particles. The inc rease in
cohesive forces , reduced the charged particles by 3.5% as the dimensionless
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parameter 𝐵0 was altered from 0 to 25 (Fig. 10). As the cohesive force increases,
the particle dynamics inside the hopper geometry is more restricted allowing less
particle wall interactions. The cohesive particles also increase d the residence time
inside the hopper, which allowed the particles near the walls to charge more at
higher cohesive forces. In pharmaceutical systems, for very cohesive powders, a
sizeable portion tends to stick to the walls, and often needs external tapping to
discharge the stuck materials. This is more prominent at low humidit y conditions,
where there is extensive effects of electrostatic forces, and reduced moisture
induced lubrications.
Particle size
The particle sizes play a significant role in triboelectrification as the
exposed contact surface for tribocharging varies based on the particle sizes. The
smaller particle should acquire more charge compared to larger particles (Fig. 3).
The MCC small represents particles of size 0.75 mm, while the large particles are
described by 1 mm particles . However, the finer the particles, lower the inertia
and lower the tendency to impact the container wall (Mountain et al., 2001) . This
would be necessary to consider in the fluidized system. The present DEM model
considers dense, compact flow from the hopper and showed an increase in
charging with the decrease of particle sizes. The particle size may also play a
significant role in charge transfer when the system is not mono -dispersed.
Effective work function difference may exist between different size fractions
leading to charge transfer between identical materials with varying fractions of
size.
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4.

Discussion
In the course of the study, a n effort was made to predict the generation of

triboelectric charging during hopper discharge. The low net charging during
hopper discharge may be deceptive to predict the powder properties, as the total
charge of the s ystem may be contributed by a small percentage of the total number
of particles. The disparit y in the forces acting on the charged and uncharged
particles can lead to variabilit y in powder handling, especiall y in pharmaceutical
industry. A Discrete Element M ethod was implemented to quantify the charging
patterns of mono-dispersed particles during hopper flow. The DEM model overpredicted the charging observed for MCC and Glass beads, as charging in
insulators could be contributed by multiple factors other than effect ive work
function differences. However, the trends seen in simulations were in close
accordance with the experimental observations. T he charge generated in hopper
systems is contributed by the particles coming in contact with the wall and is
further confirmed by the DEM model. The charging patterns may alter , based on
the hopper angles and the material friction and particle size s. The DEM model
also helps to predict the zone of maximum electrostatic interactions in the conical
hopper geometry. However, the particle asperit y modeling by the introduction of
the rolling friction may not be applicable because of the lack of discretization of
the particle surface. The model enables to understand the charging when the
material cohesion is altered by van der Waal’s interaction. However, very fine
cohesive materials may not follow the same trends, as they may stick to the walls
and form fine layers not allowing particle -wall interactions. The present work
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function based DEM model fails to predict th e charging between identical
materials based on particle size differences. The charges obtained from the
vibrating cylinders alters in polarit y based on the concentration of small and large
beads. As the material work functions are kept constant in the mod el, they ma y
not be pertinent in addressing the inter -particle charge transfer. The issue is
discussed in the following chapter.
The present Discrete Element Model predict s the charging behavior in mono dispersed particles and can act as a predictive tool in anal yzing the charg ing that
can be generated during hopper discharge at a specified geometry, and also the
percentage of charge d particles. Hence, the model can be a useful tool to mitigate
charging in the pharmaceutical ma terials by appropriate selection of hopper
angles, and hopper wall materials.
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Tables
Table. 1. Baseline DEM parameters
DEM Parameters

Parameters

Number of particles

5000

Particle radius (mm)

0.75

Densit y (kg/m 3 )

1580

Coefficient of restitution (particle/particle)

0.4

Coefficient of restitution (particle/wall)

0.6
2

Normal stiffness coefficient: (particle/particle) (g/sec )
2

Normal stiffness coefficient: (particle/wall) (g/sec )

800,000
800,000

Friction coefficient (particle/particle)

0.4

Friction coefficient (particle/wall)

0.4

Hopper Angle ( )

15

Hopper Orifice Diameter (mm)

11
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Table. 2. Material properties of MCC particles

1000

Moisture Content
(%w/w) [20% RH]
1.11

Specific Surface Area
(m 2 /g)
0.16

100

2.25

1.33

Material

Size ( m)

MCC 1000
MCC 100
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Figures

Fig. 1. Specific Charge of materials for 15 Hopper Angle

34

Concentration of MCC 100 (%)
Fig. 2. Specific Charge of materials for vibrated cylindrical hoppers
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Fig. 3. Specific Charge calculated from DEM simulations for 15 Hopper Angle
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Fig. 4. Differential charging behaviour during hopper flow
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Fig. 5. Specific Charge calculated from DEM simulations for different hopper angles
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Fig. 6. Specific Charge on the discretised hopper regions calculated from DEM simulations
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Fig. 7. Specific Charge at different particle-wall friction for DEM equivalent of MCC particles
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Fig. 8. Specific Charge at different particle-particle friction for DEM equivalent of MCC
particles
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Fig. 9. Specific Charge at different rolling friction conditions for DEM equivalent of MCC
particles

42

Fig. 10. Specific Charge at different granular bond number
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Abstract

Particle sizes play a major role to mediate charge transfer, both between
identical and different material surfaces. The study probes into the probable
mechanism that actuates opposite polarities between two different size fractions
of the same material by anal yzing the charge transfer patterns of two different
sizes of microcrystalline cellulose (MCC). Quantum scale calculations confirmed
alteration of charge transfer capacities due to variation of moisture content
predicted by multiple surface and bulk anal ytical techniques. Discrete Element
Method (DEM) based multi -scale computational models per tinent to predict
charge transfer capacities were further implemented , and the results were in
accordance to the experimental charge profiles.

Keywords: Tribocharging, Work function, Discrete Element Modeling
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Abbreviations
φ

Work Function

εo

permittivity of the free space

ε

Relative permittivity of the medium

eV

electron Volts

Egap

Energy gap between HOMO and LUMO

Fc

Columbic Force

FN

Normal Forces

Fsc

Screened Columbic Force

FT

Tangential Forces

∑Fi

Net force acting on a particle

IP

Ionization Potential

KB

Boltzmann’s constant

mi

Mass of the particle

ni

number of particles within the screening distance

q

Charge of particle

qe

Charge of an electron

s

Contact area

T

Temperature in Kelvin

∑Ti

Net torque acting on the particle

z

Cut off distance for charge transfer
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1.

Introduction
Tribocharging refers to the phenomenon of charging two solid surfaces

when they are brought into contact and separated (Harper, 1967; Naik et al.,
2015a), acquiring positive or negative polarities based on the mechanisms of
charge transfer. The hazards and problems related to tribocharging have been long
known, and reports of related instances can be dated back to as earl y as 1745,
when jets of water from an electrostatic machine led to the ignition of Spritius
Frobenii (a sulfuric ether) (Finn Reviewer & Bernard S., 1980; Gibson, 1997) .
Amongst multiple incidents reported in the past century, included severe
explosions in 1969 that took place when 200,000ton oil tankers exploded while
washing with high velocit y water jets (Hughes, Bright, Makin, & Parker, 1973) .
Repeated accidents during the period 1950 -1970 in different industries including
petroleum (KLINKENBERG, Adrian,, MINNE,Johannes Leonard van der., 1958) ,
defense, chemical(KLINKENBERG, Adrian,, MINNE,Johannes Leonard van der.,
1958) and powder handli ng triggered meticulous investigation of the underl ying
cause of these incidents (i.e. tribocharging). Since then more than 3500 articles
have been published discussing tribocharging in various fields ranging from
pharmaceuticals,

explosives,

xerography,

f ood,

pol ymers,

nutraceuticals,

catal ysts, etc.
Tribocharging triggers multiple impediments in industrial storage and
handling (Atallah, 1974; Nifuku, Ishikawa, & Sasaki, 1989) , including jamming
(Mullarney & Hancock, 2004) , segregation(Mehrotra, Muzzio, & Shinbrot, 2007) ,
loss of material due to adhesion, reduced fill, change in dispersion or aggregation
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behavior in fluidized beds, pneumatic conveying (Liang, Zhang, & Fan, 1996) ,
functional interruptions of equipment components, in drug delivery devices such
as dry powder inhalers (Balachandran, Machowski, Gaura, & Hudson, 1997;
Murtomaa et al., 2004) and often personal discomforts due to electric shock.
Tribocharging can also lead to potential hazards of fire explosions by the
discharge of static cha rges (known as charge relaxation) from the tribocharged
surfaces in the presence of low flash point solvents such as ethanol. Flash point
of 70% ethanol is 16.6 ℃, which means that even at a temperature as low as 16.6
℃, the 70% ethanol will have enough co ncentration of ethanol vapors in the air to
cause explosion in the presence of an ignition source. This ignition source can be
provided by the electric discharge from various surfaces. Considering the present
wide spread use of several low flash point orga nic solvents and large quantit y of
dry powders (a major source of tribocharging) in pharmaceutical, food, defense
and nutraceutical industries, tribocharging raises major safet y concerns.
Tribocharging has been known mostl y to take place between different
materials and has been found to increase with increased surface contact area ,
suggesting increased accumulation of specific charge for particles with smaller
dimensions. Among the various surface factors effecting the polarit y and
magnitude of tribochargi ng includes roughness, contact force, friction, co efficient of restitution, hygroscopicit y, crystallinit y and shape. However, bipolar
charging has also been observed between particles of the same material with
different size fractions. Bipolar charging in similar materials have predominantl y
been observed to trigger tribocharging (Cartwright, Singh, Bailey, & Rose, 1985;
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Crozier, 1966; Ette & Utah, 1973; Forward, Lacks, & Sankaran, 2009; Freier,
1960; Kulkarni, Deye, & Baron, 2009; Miura, Koyaguchi, & Tanaka, 2002;
Sowinski, Miller, & Mehrani, 2010a; Turner & Stow, 1984) in a way where
smaller particles tend to acquire negative charge on coming in contact with bigger
counterparts, which acquire positive charge. Tribocharging in identical materials
has been observed in various fiel ds ranging from i) pharmaceutical unit operations
such

as

fluidized

bed

drying

(Sowinski

et

al.,

2010a) ,

and

pneumatic

conveying(Cartwright et al., 1985) , ii) natural phenomenon such as dust
storms(Crozier, 1966; Ette & Utah, 1973; Freier, 1960; Turner & Stow, 1984) and
volcanic plumes (Miura et al., 2002), iii) aerosols such as found in DPIs (Kulkarni
et al., 2009), iv) Mars regoliths (Forward et al., 2009) etc. This phenomenon has
also been confirmed through various experimental set -ups, and the magnitude of
charge is found to increase with a concomitant increase in particle size ranges
(Krauss, Horányi, & Robertson, 2003; Zheng, Huang, & Zhou, 2003) . Some of the
earliest experimental evidences of bipolar charging in identical materials can be
traced back to 1957, when Henry(Henry, 1953a; Henry, 1953b) reported differe nt
polarities of charge on two similar rods, and the polarit y of charge was based on
their position as a bow or string of a violin.
Conductor or metal contact electrification have been studied for man y
years and is well understood to be a process of th e transfer of electrons between
two metal surfaces, driven by the difference in chemical potential of the
interacting materials to achieve thermodynamic equilibrium (A. Diaz, Fenzel Alexander, Wollmann, & Barker, 1992) . But a consensual theory to describe
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insulator-metal or insulator -insulator contact driven tribocharging is still missing,
considering the insulator surfaces are not well characterized.

The three most

widel y accepted hypotheses for the same are as follows: i) Electron transfer:
advocating the procurement of positive or negative charges based on the lower or
higher ionization potential values respectivel y (Bard & Liu, 2008; Davies, 1969;
Lowell, 1976; Otero, 2008) , ii) Ion transfer: advocating the transfer of charge to
and from insulators with the help of mobile ions (A. Diaz, 1998; A. F. Diaz,
Wollmann, & Dreblow, 1991; McCart y, Winkleman, & Whitesides, 2007; Pence,
Novotny, & Diaz, 1994) , and iii) Mass transfer: advocating the transfer of mass
from a soft material (pol ymer) to a rougher and harder material ( metal)(Baytekin
et al., 2011; Law, Tarnawskyj, Salamida, & Debies, 1995) . The effects of electron
transfer have often been regarded as the main charging mechanisms in case of
non-ionic pol ymers in absence of the mobile ions(Bard & Liu, 2008; D, 1969;
Naik et al., 2015a). However, what is more intriguing is how to define the charge
transfer mechanisms in identical materials. Since its first observation, many
literature

reports

and

hypotheses

have

been

published

to

describe

this

phenomenon. In 1985, Lowell and Truscott (Lowell & Truscott, 1986a) made an
attempt to explain this ph enomenon using various experimental procedures
ranging from sliding a ball over a plane in both vacuum and atmosphere, and they
came up with a mathematical model based on the non -equilibrium distribution of
energy states to describe the same (Lowell & Truscott, 1986b) . Recentl y in 2008,
Lacks et al. has embarked on the same principle and has mathematicall y
demonstrated the viabilit y of this non -equilibrium state model (Lacks, Duff, &
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Kumar, 2008).

However, it is necessary to explain the energy distribution of

electron states at the surface of insulators (Lowell & Truscott, 1986b) , otherwise
limiting its physical understanding and hence failing to provide ways to mitigate
bipolar charging in real scenarios.
The fact that the insulators are not ideal insulators and there are trapped
electrons in the band gap (Lacks et al., 2008) available to be transferred to lower
energy states, allows scope of metal-like work function treatment of the insulators
to predict charge transfer and develop a triboelectric series. Similar treatments
could also reveal surface work function differentials between d ifferent size
fractions of identical materials. Recently Murata et al. (Murata, 1979; Zhao,
Castle, Inculet, & Bailey, 2000) have discussed the effects on work function
values in different pol ymers b ased on the depth of the surface electronic states,
the trap densities and the distribution of the filled states. Zhao et al. (Zhao et al.,
2000) have discussed the effects of surface roughness on tribocharging, i.e.
different amounts of surface roughness can lead to different amounts of adsorbed
species and hence different extent of contact and charge transfer. Li et al. (D. Y.
Li & Li, 2005) observed, a decrease in work function in meta ls with increase in
physical properties like plastic strain . Brocks et al.(Brocks & Rusu, 2006)
investigated the changes in work function due to atmospheric contamination or
chemisorbed surface species, by altering the surface dipoles based on the intrinsic
dipoles of the molecules of the absorbed species. Cartwright et al. (Cartwright et
al., 1985) have also discussed the effects of surface moisture on bipolar charging
of pol yethylene powder and determined that the relative humidit y (RH) plays a
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significant role in determining the polarit y as well as the magnitude of the charges
generated.
All the afore-mentioned theories and discussions have been around for some
time, but they still lack a satisfactory explanation for tribocharging in identical
insulator materials. In the course of this study an attempt has been made to predict
the work functions of the different materials under consideration and correlate
these properties to verify tribocharging in insulators through both experiments
and simulations. Experiments of granular flow in a simple hopper chute assembl y
were performed on two different sizes of microcrystalline cellulose (MCC) non paerils to study the charge variatio ns against different chute wall materials, a
metal (Al) and an insulator (PVC). Analytical tools were further implemented to
study the variations in surface properties based on particle size differences of the
excipients and hence an effort has been made t o calculate the changes in work
functions due to differences in surface properties using computational tools. The
work functions obtained through quantum calculations were incorporated in the
Discrete Element Method (DEM) algorithm pertinent to model bulk granular flow
(M.S. Tomassone, B. Chaudhuri, A. Faqih, A. Mehrotra, F.J. Muzzio, 2005) to
predict the charge profiles in hopper chute assembl y and further validate the
simulation data with the experimental results.
2.

Material and Methods

2.1. Experimental & Analytical Methods
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The hopper chute experiments were performed on both the homogenous and
binary mixtures of MCC. Two different sizes of MCC [MCC 700 (Sieve 25) and
MCC

1000

(Sieve

16)]

non -paerils

were

implemented

for

tribocharging

experiments to reduce variabilit y in size fraction and were further anal yzed during
the anal ytical experiments to determine differences in surface properties between
different sizes of same materials. These excipients were systematicall y sieved to
produce

narrow

and

accurate

particle

size

fractions.

excipients

were

systematicall y sieved to produce narrow and accurate particle size fractions.
2.1.1. Flow and tribocharging experiments i n hopper-chute assembly
All hopper-chute flow experiments were performed in a RH controlled
glove-box where the required humidit y is maintained by re -circulation of air
(Fig.1). Air from the glove box is re -circulated using a dual air pump that draws
air from one side and deliver s it through the other side in the glove box. The air,
which is delivered by the air pump goes through a series of steps before entering
the glove box. First air passes through a pressure gauge that record its current
pressure, after which it is divided in to two paths each controlled by a solenoid.
These solenoids regulate the percentage of air passing through dry -canisters or
nebulizer in order to maintain required humidit y inside the glove box. All the
hopper-chute experiments were performed at 20±2.5 % R H.
Hopper chute assemblies were designed in two different materials i.e.
aluminum

(Al,

a

conductor

metal)

and

pol yvinyl

chloride

(PVC,

a

pol ymer/insulator). All non-paeril particles were initiall y loaded into the hopper
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followed by de-ionization using the de-ionizers (Model 970, Meech Static
Eliminators, Ohio, USA) mounted in the glove box. The de -ionized particles were
then released through a 1 cm slit by disengaging the dam of the hopper and
allowing them to flow on a chute at an angle of 30° with respe ct to the horizontal
axis of the hopper. At the end of the chute, the particles were collected in a
faraday cup (284/22B 6” Diameter Faraday Cup from Monroe Electronics, New
York, USA) as shown in Fig. 2, and the charge was recorded with the help of a
Nano-Coulomb Meter (Model 284, Monroe Electronics, New York, USA). The
masses of the non -pareils collected in the faraday cup were measured after each
run to estimate the charge/mass values. Experiments were performed multiple
times to reduce any relative stan dard deviation.
2.1.2. Analytical Techniques
Multiple anal ytical techniques were performed to anal yze differences between
different particle size fractions of the same material. Profilometric studies were
performed using Zygo -3D optical interferometer pro filometer. All the sample
surfaces were initially sputter coated with ca. 100 Å thick gold layer to increase
the reflectance of polymeric surfaces in order to obtain better signal to noise (S/N)
ratio. Microscopic imaging of above mentioned samples were pe rformed using
JEOL JSM-6335F scanning electron microscope (SEM). All the sample surfaces
were initiall y sputter coated with ca.100 Å thick gold layer to increase the
conductance of their respective surfaces, and hence enabling the SEM imaging of
the same. Surface elemental composition was studied on all the surfaces using x ray photoelectron spectroscopy unit of PHI 595 multi -probe system. Aluminum
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and magnesium twin x -ray source was used to produce x -ray beam of 1486.6 eV.
Survey spectra were collected for all the surfaces for binding energies ranging
from 0 eV to 1100 eV. RBD Instrument interface and software was used to
qualitativel y and quantitativel y anal yze all the peaks. The atomic percentage for
each element on the surface was calculated based on its peak area and its
sensitivit y factor for XPS. Bulk elemental composition was studied using Thermo
Noran S ystem Six EDS (Thermo Scientific, USA).
Thermogravimetric anal ysis was performed on both MCC non -pareils using
TGA Q-500 (TA Instruments, New Castle, DE). The thermal stabilit y of the
material was studied by increasing the temperature from 25 ℃ to 600 ℃ at a ramp
rate of 20 ℃/min. Dynamic vapor sorption studies were performed on DVS 2/2000
by Surface Measurement S ystems, which is an automated dynamic v apor sorption
(DVS) anal yzer to predict the moisture contents at different RH conditions. The
mass flow controllers were used on dry nitrogen line and saturated water vapor
line to achieve the desired humidit y from 0% to 70%. The temperature was kept
constant at 25 ℃ during the runs and the DVS 2.17 software was used to monitor
the signal change during the humidit y step change. About 10 mg of each test
sample was loaded into the sample pan followed by equilibration at increasing
RH, and the change in weight at different RH was measured using the ultra sensitive microbalance.
2.2. Multi -scale Computational Methods
2.2.1. Work Function Analysis
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The work function is the minimum energy or the thermodynamic work
needed to extract an electron from a solid material surface. The concept of work
function differential has often been investigated for insulators either through
experiments or using ab initi o DFT (densit y functional theory) or from semi empirical molecular orbital calculations. In our present study the work functions
(𝜑)(Trigwell, Grable, Yurteri, Sharma, & Mazumder, 2003a) of the molecule has
been determined in terms of ionization potential ( 𝐼𝑃) and energy gap (𝐸𝑔𝑎𝑝 )
between HOMO (Highest Occupied Molecular Orbital) and LUMO (Lowest
Unoccupied Molecular Orbital) and has been expressed as (Naik et al., 2015a;
Trigwell et al., 2003a; Trigwell, Grable, Yurteri, Sharma, & Mazumder, 2003b) :
1

𝜑 = 𝐼𝑃 − 2 (𝐸𝑔𝑎𝑝 )

(1)

In the course of our study, it was necessary t o understand whether the absorbance
of moisture on the excipient surfaces could lead to changes in work functions of
materials and hence in charging tendencies. Densit y Functional Theory (DFT) was
used to estimate the drop in work functions of the materials due to adsorption of
water on the material surface. The first-principles based computation was
performed within the framework of dispersion -corrected density functional theory
(DFT-D2), using the projector augmented wave method as implemented in the
Vienna ab initio simulation package (Furthmüller, Hafner, & Kresse, 1994;
Käckell, Furthmüller, Bechstedt, Kresse, & Hafner, 1996; Kresse & Furthmüller,
1996). In the present calculations, the exchange correlation interaction was
treated within the generalized gradient approximation (GGA) using the Perdew -
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Burke-Ernzerhoff (PBE) functional (Ernzerhof & Scuseria, 1999; Paier, Hirschl,
Marsman, & Kresse, 2005; Perdew, Burke, & Ernzerhof, 1997) . The electronic
wave functions were expanded in a plane wave basis with a cut off energy of 400
eV. The slab was separated by a vacuum spacing of 12Å , chosen by testing the
variation in total energy with vacuum distance and the decay of the local potential
away from the surfaces. During geometry relaxation a Γ -centered 5 × 3 × 1 k point mesh was considered. The gas phase energy of water molecule was
calculated using a 10 × 10 × 10 Å unit cell with a 1 × 1 × 1 k -point sampling. It
is worth mentioning that the cellulose chains are composed of ordered regions
(nano-crystalline) and disordered regions (amorphous). Known pol ymorphic
forms of cellulose are Iα and Iβ. Being thermodynamicall y more stable phase, Iβ
has been studied in present work to get a qualitative understanding of cellulose water interaction. To construct the slab atomic coordinates , structural details are
taken from literature(Zhu, Sharma, Oganov, & Ramprasad, 2014) . Semi-empirical
methods, to predict the HOMO and LUMO energies of the moisture free material,
have

been

adopted

to

calculate

the

work

functions.

Semi-empirical

calculations(Naik et al., 2015a; Sarkar, Cho, & Chaudhuri, 2012) were performed
using MOPAC 2013 from structures generated with AVOGADRO 1.0.3 (Naik et
al., 2015a) with Restricted Hartree Fock (RHF) PM3 methodology to calculate the
work functions of the materials used in our experimental approach.
2.2.2. Discrete Element Method (DEM)
The Discrete Element Method (DEM) was first implemented by Cundall and
Strack (1979)(Cundall, 1971; Cundall & Strack, 1979) , and since then has been
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extensivel y used to understand particle dynamics in multiple pharmaceutical
manufacturing processes including hopper discharge (Anand, Curtis, Wassgren,
Hancock, & Ketterhagen, 2009) , milling(Naik, Feng, & Chaudhuri, 2014) , flow in
rotating drums(P. Y. Liu, Yang, & Yu, 2013) , chute flow (Granular matter
research; investigators at universit y of science and technology publish research
in granular matter research.2012; H. Li, M cDowell, & Lowndes, 2012; McDowell,
Li, & Lowndes, 2011; Walton, 1993) etc. Initiall y, spherical, inelastic, frictional
particles were deposited in the non -discharging hopper of same dimension to that
of the experiment. DEM Simulations of homogeneous pa rticles on both PVC and
Al chute were performed. The particles studied through DEM simulations were
designated with properties similar to that of MCC non -paerils, and the particle
size radius were maintained at 750 μm (R750) and 1000 μm (R1000) to replicat e
the particle dynamics as observed in experiments. The increased sizes of the
particles were implemented to reduce the computational demand, and since charge
was normalized in terms of mass, the final specific charge (charge/mass) values
were not compromised qualitativel y. The particles were allowed to flow through
the chute and were collected in a faraday cup at the end of the chute similar to
the experiments. The charge to mass ratio could be calculated for all the particles
collected in a faraday cup, since simulations provided us with the number of
particles in the faraday cup and their individual charge and weight. Once particles
have touched the surface of the faraday cup, they were made static to prevent any
bouncing of the same.
2.2.2.1. Modeling of Particle Dynamics
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The Discrete Element Method tracks the evolution of trajectory of
individual particles by calculating all the forces acting on it, followed by
integration of Newton’s second law of motion, to obtain the new position and
orientation of the particle. The DEM accounts for the position and orientation
change of the particles at every small time step, and initializes the new coordinate set as the basis set for the calculation of the next time step. The net force
(∑ 𝐹𝑖 ) on each particle is g iven by the sum of the gravitational force ( 𝑚𝑖 𝑔) and the
inter-particle forces (normal ( F N ) and tangential ( F T )) acting on it, where 𝑚𝑖 is the
mass of the individual particle and 𝑔 is the gravitational constant.
(2)

∑ 𝐹𝑖 = 𝑚𝑖 𝑔 + 𝐹𝑁 + 𝐹𝑇

The corresponding torque ( ∑ 𝑇𝑖 ) on each particle is the sum of the moment of the
tangential forces ( F T ).
(3)

∑ 𝑇𝑖 = 𝑟𝑖 × 𝐹𝑇

The normal forces ( F N ) for inter-particle or particle -wall collision were calculated
with the “partiall y latching spring force model” proposed by Walton and
Braun,1986(Walton & Braun, 1986) .The tangential forces ( F T ) were calculated by
the “incrementall y slipping friction model” proposed by Walton,1993 (Walton,
1993)

based

on

the

force

model

proposed

by

Mindlin

and

Deresiewicz,1953(Mindlin & Deresiewicz, 1953) .
2.2.2.2. Modeling of the Electrostatic Flow Behavior
The charge transfer mediated by continuous particle -particle and particle wall collision was modeled in order to understand the electrostatic behavior of
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the particles and its impact on particle dynamics due to the changes in the net
forces acting on the particle. The charge transfer (Bueche, 1970; Naik et al.,
2015a) between the particle 𝑖 and the particle 𝑗 during a single collision is given
by ∆𝑞,
∆𝑞 =

𝜀𝑜 𝑆
𝑧𝑞𝑒

[𝜑𝑖 − 𝜑𝑗 ]

(4)

where, 𝜀𝑜 is the permittivit y of free space (8.854×10 − 1 2 F m − 1 ), s represents the
contact area, 𝑧 is the cutoff distance for charge transfer considered to be 250
nm(Lowell & Rose-Innes, 1980), 𝑞𝑒 is the charge of an electron (1.602×10 − 1 9 C).
The charge transfer takes place onl y when 𝜑𝑖 ≠ 𝜑𝑗 and at the time step wi th
maximum impact forces (Matsusaka, Ghadiri, & Masuda, 2000; Watanabe et al.,
2007) between the particles. The final charge (𝑞𝑓𝑖𝑛𝑎𝑙 ) has been calculated as,
𝑞𝑓𝑖𝑛𝑎𝑙 = 𝑞𝑖𝑛𝑖𝑡𝑖𝑎𝑙 ± |∆𝑞|

(5)

depending on whether, 𝜑𝑖 > 𝜑𝑗 or 𝜑𝑖 < 𝜑𝑗 . The charge transfer between the wall
and the impacting particle has been modeled similarl y, and the net charge on any
particle at each time s tep has been assumed to be distributed homogenousl y. The
introduction of electrostatic charge into the DEM algorithm requires addition of
electrostatic forces that works in conjunction with the existing contact mechanics
model. The Columbic force (Bueche, 1970) (𝐹𝑐 ) acting on a particle with charge q i
due to the presence of another particle with charge q j , is given by,
𝑞 𝑞𝑗

𝐹𝑐 = 4𝜋𝜀𝑖

𝑜𝑟

2

(6)
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where r is the distance between the particles. In order to predict the exact
transformation in particle dynamics due to the non -homogenous charge densit y
and spatial resistance across the system, an effective Screened Columbic(Hogue
et al., 2008; Wang et al., 2012) (𝐹𝑠𝑐 ) force has also been computed based on the
approach by Hogue et al. in 2008. A Screened Coulomb force (𝐹𝑠𝑐 ) will be
experienced by each particle wi th charge 𝑞𝑖 separated by distance r from another
particle 𝑞𝑗 for the presence of other charged particles in closer vicinit y.
𝑞𝑞

𝜏

1

𝑖 𝑗
𝐹𝑠𝑐,𝑖 = 4𝜋𝜀
(𝑟 + 𝑟 2 ) 𝑒 −𝜏𝑟
𝑜

(7)

where, 𝜏 is expressed as,

𝜏 = 𝑞𝑒 √(𝐾

1

𝐵 𝑇𝜀𝜀0

where,

∑𝑖 𝑛𝑖 𝑧𝑖2 )

(8)

is the relative permittivit y of the medium, T is the temperature in Kelvin,

K B is the Boltzmann’s constant (1.38×10 - 2 3 JK - 1 ), and n i is the number of particles
with charge z i within the screening distance (Hogue et al., 2008; Naik et al.,
2015a). The net force acting on each particle is,
∑ 𝐹𝑖 = 𝑚𝑖 𝑔 + 𝐹𝑁 + 𝐹𝑇 + 𝐹𝑠𝑐,𝑖
3.

(9)

Results and Discussion

3.1. Hopper-chute Flow
In our study to investigate the triboelectric variations due to particle size
differences, the effects of second material interactions were inspected on both
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homogenous systems and mixtures. The hopper -chute flow system was chosen
since it ascertains maximum particle -chute (second body) interaction as compared
to

particle-particle

interactions.

By

maximizing

the

secondary

material

interaction and minimizing the p article-particle interaction in the hopper -chute
set-up, we can study the effects of the chute interactions on individual particle
size fraction and correlate these studies to understand the effects of bipolar
charging in identical materials in presence of multiple size fractions. Fig. 3
represents the specific charge profile of different concentrations of MCC 700 and
MCC 1000 interacting with either Al or PVC chute wall. The SPF represents the
small particle fraction (i.e, fractional concentration of MCC 7 00 in the mixture),
where SPF = 0.0 represents a homogenous system of MCC 1000, and SPF = 1.0
represents a homogenous s ystem of MCC 700. The higher specific charge in MCC
700 compared to MCC 1000 against both the chute walls could be attributed to
the greater specific surface area allowing more contact with the chute wall
material. The charge acquired through particle chute interactions dominated the
flow regime and the polarit y of the charge obtained was positive or negative based
on the chute wall materia l, i.e., PVC and Al respectivel y.

The fact that most

incidences of bipolar charging have been studied or reported in fluidized systems
(Cartwright et al., 1985; Sharmene Ali, Inculet, & Tedoldi, 1999; Sowinski,
Miller, & Mehrani, 2010b) (such as fluidized beds, tornadoes, pneumatic
conveying, etc.), where particle -particle collisions largel y exceeds particle -wall
interactions, points to the fact that any bipola rit y obtained due to particle -particle
interactions could be suppressed by dominant charge transfer due to the particle -
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wall interactions. However, the non-linearit y in the acquired charges with the
gradual increase of SPF indicates interactive charge tran sfer parameters beyond
particle-chute collisions. A drop in the net specific charge was obtained for the
1:1 mixtures (SPF = 0.5), which allowed maximum particle -particle interactions.
Fig. 4 represents the mean percentage charge variations at different SP F
conditions relative to SPF = 1.0, indicating a maximum charge drop at SPF = 0.5.
However, it is complicated to separatel y obtain the different particle size fractions
in the hopper chute assembl y, without secondary material interferences. Hence,
in order to correlate our experimental observations to predict the phenomenon of
bipolar charging in identical materials, it was necessary to computationall y model
the experiments and validate the bipolarity by identifying the charge on individual
size fractions and the specific charge of the system at the final time step.
3.2. Analytical Techniques
Surface topography of both MCC particle sizes were studied with the help
of

two

complimentary

techniques

i.e.

Optical

Scanning

Interferometer -

Profilometery and Scanning electron microscopy (SEM). The Interferometer Profilometer was used to anal yze the surface roughness (Fig. 5A and 5B),
followed by SEM an alysis to compliment the same and additionall y to observe the
surface defects and other topographic features. Profilometric studies as showed
in Table.1 suggested slightl y higher surface roughness for smaller particles (MCC
700). The SEM images as shown in Fig. 6A and Fig. 6B were found to be in
agreement with the observations made with profilometeric studies. The greater
surface roughness of MCC 700 was in accordance with the observations of Zhao
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et al.(Zhao et al., 2000). Their hypothesis on acquiring bipolar charges in
identical materials were based on the work function changes due to preferential
adsorption of atmospheric impurities based on differences in surface roughness
values. Both the surface and bulk impurities were anal yzed using XPS and EDS
techniques respectivel y. Surface impurities can trigger triboelectrification by
altering the effective work function of the materials, by changing the mode of
interactions between different particles, or by taking part in tr ansfer from one
surface to another(Henry, 1953a; Henry, 1953b; Lowell & Truscott, 1986a) . The
bulk impurities were anal yzed since they can affect the process of tribocharging
if they are within charge penetration depth (CPD) region as described by Williams
et al.(Williams, 2011). The XPS anal ysis on two different sizes of MCC particles
revealed MCC 700 adsorbing 1% of total atomic perc entage as silicon, whereas
MCC 1000 demonstrated absence of any impurities on their surfaces. This
indicates randomness in the amount and type of impurities present on material
surfaces. The consistency and content uniformit y of the adsorbed species are
highl y variable and will be majorl y dependent on the exposed atmosphere. Since
the phenomenon of bipolar charging (where smaller particles are consistentl y
observed to be negativel y charged) in identical materials have been consistentl y
observed in different experiments and manufacturing processes irrespective of
atmospheric exposure, it would be hard to explain it as a site and time specific
random process based on surface impurities from atmospheric contamination. EDS
anal ysis performed on different samples revealed the absence of any bulk
impurities for both smaller and bigger sized particles. Absence of impurities in
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the bulk and in the CPD region facilitates us to neglect any effects on work
functions from differences in the bulk composition of different sized MCC
particles.
Moisture content of the specified material was estimated using both Thermo
Gravimetric Anal ysis (TGA) and Dynamic Vapor Sorption (DVS) techniques.
Initiall y TGA was performed to estimate their degradation temperature and
anal yze the total volatile content of the same. The degradation temperature
observed for MCC was ca. 280 ℃ and was found to be stable till at least a
temperature of 200 ℃, it was chosen as the isothermal temperature for estimating
the total volatile content of these m aterials. The total volatile content for MCC
particles was found out to be 5% of its total weight. To further confirm the above
findings and to extensivel y study the amount of moisture sorption for different
particle sizes of each material, a thorough Dyna mic Vapor Sorption (DVS)
anal ysis was performed as explained earlier. The results obtained were interpreted
in terms of amount of moisture content per unit area ( mili-moles/cm 2 ),
considering the focus of our study to be charge transfer between individual
particles. Non -paeril diameters for all the particles implemented for DVS studies
were individuall y measured. DVS anal ysis revealed increased surface moisture
sorption and hence increased number of moles of moisture per unit area for MCC
1000 as compared to MCC 700 at different RH conditions (Table.2). This can be
attributed to increased scope of surface and bulk moisture sorption capacities of
individual MCC 1000 to MCC 700 particles. This difference in the moisture
content on the particle surfaces of the s ame material but different sizes, could be
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the key to solve the ambiguities of bipolar charging, since trends in water sorption
will be more consistent at specified RH in comparison to other impurities. Hence,
if differences in water sorption can be relate d to mechanisms regulating charge
transfer, may be we can explain and quantify the unexplained avenues of bipolar
charging and come up with ways to mitigate this problems by implementing
necessary precautions.
3.3. Work function calculations
Quantum calculations based on Densit y Functional Theory (DFT) were
performed to study the effects of surface water adsorption on the work function
of MCC. To study the differences in work functions of the material , calculations
were performed to predict th e effective differences in ionization potential ( 𝐼𝑃)
and the (LUMO-HOMO) energy gap ( 𝐸𝑔𝑎𝑝 ), with and without the introduction of
the water molecules.

The effective difference for slabs with adsorbed water

revealed lower energy differences between ( 𝐼𝑃) and (𝐸𝑔𝑎𝑝 ), hence projecting a drop
in the work function of the system by 0.21 eV. In order to elucidate the interaction
mechanism between the cellulose chains and water molecules in the crystalline
regions, we considered onl y a small number of mo lecules. We found an immediate
formation of a hydrogen -bonding network occurring between cellulose and OH −
dispersed in the interstitial regions. The present DFT based study suggests that
on the surface, the dissociative adsorption of water molecule is fav ored as the
unsaturated surface terminal CH 2 (via strong H-bond) attracts one of the hydrogen
from water molecule and water molecule breaks into a H + and an OH − group (Fig.
7). During the water dissociation process, H atom attached to the surface terminal
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oxygen forms a short (less than 1.5 Å) hydrogen bond with oxygen of OH − group.
The polar bonding may occur inter -molecularl y (between different cellulose) as
well as intra-molecularl y (within different parts of single cellulose). The
hydrogen bond is often described as an electrostatic dipole -dipole interaction.
Moreover, it is directional and strong, and result into shorter interatomic
distances than sum of the van der Waals radii explaining the lower value of DFT
calculated work function. The work functio n values were calculated in the order
PVC > MCC > MCC (with adsorbed moisture) > Al (Fig. 8). As per the work
function calculations, greater water sorption on particle surfaces should lead to
lowering of their work -function values. The lowering in work -function values
facilitates the attainment of greater positive charge on the particle surfaces
(MCC), indicating a potential basis of bipolar charging in identical materials.
3.4. Simulation Results
The DEM algorithm tracks the kinematics and charge of each individual
particle, revealing myriad of information barel y available in experimental
anal ysis. The electrostatics algorithm (Naik et al., 2015a) explained in Section
3.2 was incorporated in a previousl y developed 3D-DEM code (Tomassone,
Chaudhuri, Faqih, Mehrotra, & Muzzio, 2005) in order to validate the
tribocharging observations in our experimental setup. The system properties for
each of MCC particle size fractions were incorporated in the algorithm (Table.
3), to verify the magnitude and polarit y of the charges obtained in our
experimental anal ysis, depending on the chute wall material (Al and PVC). The
simulations were performed for radius 750 μm (R750) and 1000 μm (R1000) with
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varying SPF (0.0, 0.3, 0.5, 0.7 and 1.0), where SPF in the simulation represents
the fractional concentration of R750. The work functions were introduced in our
electrostatics model for the materials, as obtained from the work function
calculations. As mentioned earlier, the large particles were assigned a lower work
function based on the assumption that they have higher number of moles of surface
moisture. The DEM model was capable to predict both inter -particle and particle wall charge transfers, and it was essential to understand if the final specific
charge could be correlated to the dominant particle -wall interactions.
The DEM results were in accordance with our experimental observations,
as the final specific charge in each of the hopper -chute system was dependent
directl y on the chute wall material as shown in Fig. 9. The homogenous systems
showed similar patterns as to the experiments, with higher net specific charge for
particles with smaller dimensions. The polarit y of the charges obt ained for the
hopper chute simulations were positive or negative based on whether the chute
wall was PVC or Al respectivel y. To confirm if the charge transfer mediated by
the dominant chute wall interactions suppressed the polarit y induced by the
bipolar charging, mixtures of R750 and R1000 (SPF 0.3, 0.5 and 0.7) similar to
experiments were studied. The charge transfer between R750 and R1000 particles
were mediated by moisture induced work function differences. The polarit y of the
final specific charge of t he system was in accordance with the net specific charge
obtained from the experimental results, and predicted the non -linearit y of
acquired charge with increase of SPF (Fig. 10). However, the DEM algorithm
allows to calculate the charge profile on each in dividual particle and thereby
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confirmed the particle-particle interaction mediated bipolarit y. In the simulation
mixtures, as per predicted by the work function differences we observed bipolar
charging, with the large particles (R1000) getting positivel y c harged and the small
particles (R750) getting negativel y charged, irrespective of the chute wall
materials. Fig. 11 & Fig. 12 represent the charge profile of individual particle
size fractions and the net charge of different mixtures (SPF = 0.3, 0.5, 0.7) against
PVC and Al chute wall respectivel y. Based on the dominant particle wall
interactions, the magnitudes of the specific charges were found to be the function
of the work function differential between the particles and the wall material. The
inequalit y of specific charges normalized with respect to surface area justifies the
non-linearit y of charge accumulation with the increment of SPF, suggesting
probable

explanations

that

remained

unanswered

from

the

experimental

observations. Fig. 13 represents the variabilit y of charge per unit area (nC/dm 2 )
for the homogenous system (SPF = 0.0 & 1.0) and 1:1 mixtures (SPF = 0.5)
confirming charge transfer as a phenomenon beyond simple functional of surface
area. The particles have been color -coded based on the spec ific charge of each
particle at particular time steps. Fig. 14 (A -C) represents the MCC binary mixture
at different concentrations against PVC chute wall, each suggesting the larger
particles charging positivel y and small particles negatively. The maximum
variation in polarit y is prominent at SPF = 0.5, which allows maximum particle particle interactions. The bipolar charging is present in SPF = 0.3 and 0.7, but
less prominent compared to SPF = 0.5, due to increased domination of the particle
wall impacts. Similar results were obtained against Al chute wall (Fig.15 (A -C)).
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However, there were some differences between the magnitude of the charges
between the experiments and DEM models (Fig. 16), probabl y because the DEM
simulations were modeled to predict the charge transfer between particles of the
same materials, but considered onl y one of them to adsorb moisture, and the other
size fraction to have null moisture absorbance, in order to study the effect of
tribocharging due to differences in moisture content .
4.

Conclusions

A thorough characterization and anal ysis of two different sizes of MCC
non-pareils have been provided to study and understand the magnitude and
polarit y of acquired charges against both metals and insulator surfaces and also
variation in su rface properties that might unveil the causes of bipolar charging of
identical granular materials during the processing. The differences in surface
roughness obtained for the two size fractions, were prominent in terms of net
acquired charges on the surfac e of homogenous systems, with smaller particles
acquiring higher magnitude of charge. However, the randomness in the amount
of impurities present on smaller and bigger sized particles, confirmed the lack of
consistency to predict bipolar charging based on surface impurit y content. The
DVS studies were anal yzed to predict the specific moisture content on individual
particles, suggesting greater moisture content for MCC 1000 at different RH
conditions. This provided a consistent basis of further prediction o f variations in
charge transfer capabilities leading to bipolar charging in identical materials.
Computational tools were further implemented for i) Work-function calculations:
which suggest lowering of work function with the adsorption of water molecules.
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ii) DEM simulations: confirmed increase of specific charge with decrease of
particle sizes in homogenous mixture, however in binary mixtures, difference in
moisture contents led to bipolar charging in identical materials, and the net
specific charge for b oth homogenous and binary mixtures were in conformation
with the experimental results.
The final specific charge in the DEM model was found to be dependent on
the chute wall properties and could barel y reflect any bipolar interaction between
the surfaces of the same particle similar to that of the experiments, other than
predicting the inconsistent behavior of charge increment with increase of SPF.
However, based on the difference in moisture adsorption and other anal ytical
observations, a difference in s urface propert y between particles of the same
material could be clearl y suggested. Based on the hypothesis, that the alteration
of surface propert y due to differences in surface moisture contents will alter the
work function of the material, the DEM simula tions clearly suggested bipolar
charging in particulates in the hopper chute experiments. Discrete studying of
individual particles allowed us to confirm bipolar charging in the hopper chute
assembl y, with large particles charging positivel y and small part icles charging
negativel y. There are multiple interactions during a process, and each has its own
implications regarding charge transfer, and the net effect might well not reflect
the bipolarit y phenomenon. As has been confirmed in fluidized systems, the
interaction between similar particles leading to bipolar charging, the same
phenomenon is also true for non-fluidized bed systems, and might lead to multiple
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manufacturing impediments like agglomerations, material loss or explosion
hazards.
The explanations to bipolar charging are multi -faceted, and any one
hypothesis might not entirel y explain the exactness of the phenomenon. The
hypothesis that work function differences due to moisture adsorption leads to
bipolar charging at lower RH, provide a new avenue to explain the bipolarit y in
the same material and to predict the bipolar behavior in more complex systems
with wide range of particle size distributions. However, the experiments onl y
measure the final or the net charges of the system and we cannot measure charges
on individual particles. DEM overcomes the experimental limitations by
performing multi -scale modeling to not onl y predict the total charge (as has been
obtained from experimental anal ysis) but also individual particle based bipolarit y.
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Tables

Table. 1. Root mean square roughness values for different sizes of MCC 700
and MCC 1000

Non-Paerils
MCC 700
MCC 1000

Roughness
(μm)
2.00
1.72
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Table 2. Dynamic vapor sorption anal ysis results in terms mili-moles of water
per unit surface area (cm 2 )

RH
(%)
10
20
45
70

Moisture [MCC 700]
(mili-moles/cm2)
0.9
3.3
26.9
55.3

Moisture [MCC 1000]
(mili-moles/cm2)
1.1
3.5
32.5
70.7
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Table 3. DEM parameters

Parameters

R1000

R750

Radius (μm)

1000

750

Number of particles (Homogenous
system)

1600

3800

Work Function (eV)

4.90

5.11

Coefficient of restitution
(particle/wall)

0.5

0.5

Coefficient of restitution
(particle/particle)

0.6

0.6

Frictional coefficient (particle/wall)

0.5

0.7

Frictional coefficient
(particle/particle)

0.6

0.6

Stiffness Coefficient (N/m)

1000

1000

Hopper Angle (°)

45

45

Chute Angle (°)

30

30

Time Step (seconds)

5.00E-07

5.00E-07
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Figures

Fig. 1 Schematic illustration of the Humidity controlled glove box
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Fig. 2 Experimental set-up: Hopper-chute assembly
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Fig. 3 Specific Charge profile of MCC 750 & MCC 1000 against PVC and Al chute wall
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Fig. 4

Mean Specific Charge variation at different SPF conditions against PVC and Al chute walls
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A

B

Fig. 5 Surface Roughness studied by Interferometer Profilometer on (A) MCC 700 and (B)
MCC 1000
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A

B

Fig. 6 Surface Topography studied by Scanning Electron Microscope on (A) MCC 700 and (B)
MCC 1000
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Fig. 7

MCC slab before & after moisture sorption
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Fig. 8 Work function analysis of the excipients and chute materials
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Fig. 9

Simulation results of the specific charge profile of R750 & R1000
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Fig. 10 Simulation results of mean Specific Charge variation at different SPF conditions against PVC and Al
chute walls
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Fig. 11 Simulation results of the specific charge profile of SPF = 0.3,0.5 & 0.7 against PVC chute wall
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Fig. 12

Simulation results of the specific charge profile of SPF = 0.3,0.5 & 0.7 against Al chute wall
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Fig. 13

Simulation results of tribocharging as a function of surface area
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A

B

C

Fig. 14 Simulation results of tribocharging of MCC mixtures against PVC (A) SPF =0.3,
(B) SPF =0.5 and (C) SPF =0.7
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B
A

C

Fig. 15 Simulation results of tribocharging of MCC mixtures against Al (A) SPF =0.3,
(B) SPF =0.5 and (C) SPF =0.7
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Fig. 16 Comparative results of Experimental and Simulation data
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Abstract

The present study focuses on the development of a simple statistical method
to understand triboelectri fication phenomenon in pharmaceutical mixtures . Two
drugs (Ibuprofen and Theophylline), two excipients (Lactose and MCC) and two
blender wall materialswere studied to identify the potential factors altering charge
transfer in pharmaceutical blends. The sta tistical model identifie d the excipient
drug interaction as the most significant factor leading to reduced charging. Also,
Lactose was able to explain the charge variabilit y more consistentl y compared to
MCC powders when used as the secondary material. The mixture proportions
explained almost 80% of the bulk charge for ibuprofen mixtures, while 70% for
Theophylline. Other factors like work function, particle size, moisture contents
and spreading coefficients were also studied to correlate the charging to the
physical properties. The study provides insight into the various interactions
altering charge transfer and signifies the impact of the presence of additional
excipients to explain the variabilit y in charging for pharmaceutical mixtures.

Keywords: Tribocharging, Simplex Centroid, Bonferroni adjustment
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1.

Introduction

Triboelectric charging in pharmaceutical powder processing is a ubiquitous
challenge and multiple approaches over t he years have been implemented to
mitigate the various impediments associated with it (Naik, Mukherjee, et al.,
2016). Pharmaceutical powders are insulators with high resistivit y,

and

triboelectric phenomenon in such powders can be a potential source of mass loss,
sticking, agglomerations or content uniformit y. The lack of unanimit y amongst
the theories explaini ng the probable mechanisms for triboelectric charging in
insulators provides the scope for simple numerical modeling of the phenomenon.
Discrete Element Method (DEM) based models have been previousl y implemented
as a useful tool to understand and quantify the charging mechanisms amongst
different pharmaceutical materials. Most of these models focus on the effective
work function differences amongst the various surfaces, as the potential factor
leading to charging variations. The models have performed well as predictive
tools with good accuracy when compared to the experiments. These models can
be applied as simple guiding tools as a preliminary resource to minimize potential
static charging. However, the DEM model is often restricted by theoretical
assumptions, especiall y for fine non -spherical powders, and physical properties
like friction, the coefficient of restitution, Young’s modulus are fine-tuned to
make them comparable to experimental results. The multiple causes a ffecting
tribocharging may include particle size, shape, surface area, surface roughness,
surface energy, moisture content, work function differences, and the presence of
mobile ions amongst the many factors.

Statistical tools have the potential to
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quantify the impacts of the different physical properties leading to tribocharging
and provide a good understanding of the phenomenon. (Karner & Urbanetz, 2012;
Karner & Urbanetz, 2013; Karner, Littringer, & Urbanetz, 2014) . In the course of
this study, statistical tools have been implemented to understand the charging
behavior in varying concentrations of pharmaceutical blends. The statistical
modeling is further applied to predict charge generated during mixing in two
different containers based on work function differences, particle sizes, and
moisture contents. Experimental results from previous studies (Naik, Hancock, et
al., 2016) of binary mixtures, have been further extended to investigate
tribocharging behavior in three component systems.
2. Materials and Methods

2.1.

Experimental Methods

The triboelectric charging experiments were performed on Microcrystalline
Cellulose (Avicel PH 101), Lactose Monohydrate, Ibuprofen and Theophylline.
Triboelectric

charging

of

different

concentrations

of

the

drug

(Ibuprofen/Theophylline) was studied as dru g-excipient mixtures in Aluminum
(Al) V-blenders. All powders were equilibrated in thin Al sheets for 48 -72 hours
inside humidit y controlled glove -box, which have been previousl y implemented
as a method to reduce residual charges significantl y (Naik, Hancock, et al., 2016) .
Studies were performed at 20%RH in the humidit y controlled glove box. The V blending experiments were run for 20 min at 13 rpm at 8%(w/v). The charged
materials were directl y collected in a Faraday Cup (Monroe Electronics)
connected to a nano -Coulombmeter, and is quantified as specific charge
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(charge/mass). The studies were performed in 13 different concentrations in
triplicates. The charging patterns were further compar ed to the charging
tendencies in Pol y-methyl Methacrylate (PMMA) V -Blenders from previous
studies. The material properties are elucidated in Table. 1. The work function is
a propert y of the material, and were estimated from semi -empirical calculations,
previousl y implemented using Restricted Hartree –Fock (RHF) PM3 formalism.
The net moisture contents of the mixtures were calculated from the summation of
the products of the weight fractions and moisture contents of the individual
materials using Eq. (1) (Dalton & Hancock, 1997),
𝑀𝐶𝑚𝑖𝑥 = ∑𝑛𝑖=1 𝑋𝑖 𝑀𝐶𝑖

(1)

where, 𝑀𝐶𝑚𝑖𝑥 is the moisture content of the mixture, 𝑋𝑖 is the weight fraction of
individual component 𝑖, with equilibrium moisture content 𝑀𝐶𝑖 at a specified
humidit y condition.
The average particle size of the mixtures has been calculated based on the
proportions and the d 5 0 of the individual particles. The spreading coefficients
(Baki et al., 2010) of the material 𝑖 on the material 𝑗 calculated by the surface
energy data by the Eq. (2),

𝑠𝑐𝑖𝑗 = 4(

𝑝 𝑝

𝛾𝑖𝑑 𝛾𝑗𝑑

𝛾𝑖 𝛾𝑗

𝛾𝑖𝑑 +𝛾𝑗

𝑝
𝑝
𝛾𝑖 +𝛾𝑗

𝑑 +

𝛾

− 𝑖)
2

Here, 𝛾 𝑑 and 𝛾 𝑝 are the dispersion and polar surface energy respectivel y, and

(2)

is

the sum of the dispersive and polar surface energy. The particle diameter d 5 0 and
the spreading coefficients with the Al wall have been incorporated in the
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statistical model to take into account the impacts of surface on the charging of
the pharmaceuti cal blends.
Statistical Methods
In this section, the statistical considerations for building the simplex centroid design for anal yzing variabilit y in charging for three -component
mixtures had been implemented (Fig. 1). The setup was similar to (Scheffe, 1963) .
We had a 3-component mix in this case and 𝑥𝑖 as the 𝑖th component of the mixture
with 𝑖 = 1,2,3 with the following restrictions.
𝑥𝑖 ≥ 0 𝑖 = 1,2,3,

𝑥1 + 𝑥2 + 𝑥3 = 1.

Here 𝑥1 denotes the proportion of Drug, 𝑥2 denotes the proportion of Lactose and
𝑥3 denotes the proportion of Micro Crystalline Cellulose (MCC). The work
function difference between the 𝑖th component and 𝑗th component of the mixture
is denoted by 𝛥𝜙𝑖𝑗 , work function difference between the wall and 𝑖-th component
is denoted by 𝛥𝜙𝑖𝑤 with 𝑖, 𝑗 = 1, 2, 3 and 𝑤 indicates the wall. The moisture content,
spreading co -efficient and particle diameter of the 𝑖th component is denoted by
𝑀𝐶𝑖 , 𝑠𝑐𝑖 and 𝑑𝑖 for 𝑖 = 1, 2, 3.
In the anal ysis of variabilit y in charging caused by different proportions of the
mixture, the following non-linear model structure was used.
3

𝑒𝑥𝑝(𝜂

(𝑘)

)=

(𝑘)
∑ 𝛽𝑖
𝑖=1

3

3
(𝑘)

𝑥𝑖 + ∑ ∑ 𝛽𝑖𝑗 𝑥𝑖 𝑥𝑗 + 𝜖1 … (𝐼)
𝑖=1 𝑖<𝑗
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The predicted charging in the 𝑟th replicate for the (𝑖, 𝑗)-th sample is denoted by
(𝑘)

𝑞𝑖𝑗𝑟 where 𝑟 = 1, 2, 3. The model is then expressed as,
(𝑘)
𝑒𝑥𝑝(𝑞𝑖𝑗𝑟 − 𝜂(𝑘) ) = exp(𝜖̂
1)
3

=

3

(𝑘)
∑ ∑ 𝛾𝑖𝑗 𝛥𝜙𝑖𝑗
𝑖=1 𝑖<𝑗
⏟

3

+

3

(𝑘)
∑ 𝛾𝑖𝑤
𝑖=1

(𝑘)

𝛥𝜙𝑖𝑤 + ∑ 𝛿𝑖 𝑀𝐶𝑖 + 𝜖2 … (𝐼𝐼)
𝑖=1

𝑎

As mentioned previousl y, the unexplained variation in charging was anal yzed
from model ( I) and ( II) using information about specific surface area as a function
of particle size, 𝑑𝑖 and spreading co-efficient 𝑠𝑐𝑖 in the model below
(𝑘)

(𝑘)

(𝑘)

exp(𝑞𝑖𝑗𝑟 − 𝜂(𝑘) − 𝑎) = 𝜅𝑖1 𝑑𝑖 + 𝜅𝑖2 𝑠𝑐𝑖 + 𝜖3 … (𝐼𝐼𝐼)
Here 𝜖𝑖 ~𝑁(0, 𝜎𝑖2 ) independentl y.
Three component mixtures were considered in the course of the study, but
the expression of 𝜂 (𝑘) involved onl y any two component interactions at a time.
The reason behind this was the restriction in the replications and proportional
combination of the three component mixtures. Fitting the full model result ed in
redundancy by rendering some coefficients inestimable due to limitations in
sample size. Consequentl y, to draw an inference in the model, three fits for 𝑘 =
1, 2, 3 were considered at each involving two main effects and the full interaction
term. The final inference was drawn using a combination of all three models.
(𝑘)

Since simultaneous confidence intervals for coefficients are considered for 𝛽𝑖𝑗

simultaneous Bonferroni adjusted 99% confidence intervals were constructed. In
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case of multiple hypotheses testing, the likelihood of incorrectl y rejecting a null
hypothesis (i.e., making a Type I error) increases. The Bonferroni correction
compensates for th e increment by testing each individual hypothesis at a
𝛼

significance level of 𝑚, where 𝛼 is the desired overall alp ha level and 𝑚 is the
number of hypotheses. For example, in Model I 𝑚 =5 hypotheses with a desired 𝛼
= 0.01 (99% Confidence Interval) , Bonferroni correction would test each
individual hypothesis at

𝛼
𝑚

=0.01/5=0.002.

After considering the restricted si mplex centroid design for the model
(𝑘) and 𝑎
above, 𝜂̂
̂ were estimated as an offset respectivel y to fit the following

models
3

(𝑘)
exp(𝑞𝑖𝑗𝑟

3

3

3

̂
̂
(𝑘)
(𝑘)
(𝑘)
(𝑘) ) = ∑ ∑ ̂
− 𝜂̂
𝛾𝑖𝑗 𝛥𝜙𝑖𝑗 + ∑ 𝛾𝑖𝑤 𝛥𝜙𝑖𝑤 + ∑ 𝛿𝑖 𝑀𝐶𝑖 + 𝜖2
𝑖=1 𝑖<𝑗
𝑖=1
𝑖=1
⏟
𝑎̃

̂
̂
(𝑘)
(𝑘)
(𝑘)
̂
(𝑘) − 𝑎
exp(𝑞𝑖𝑗𝑟 − 𝜂
̃) = 𝜅𝑖1 𝑑𝑖 + 𝜅𝑖2 𝑠𝑐𝑖 + 𝜖3
The approach allowed to account for the unexplained residual variabilit y in
charging in terms of the difference in work function, moisture contents, particle
size and spreading coefficients.
Previous studies (Karner, Littringer, & Urbanetz, 2014; Karner & Urbanetz,
2011, 2012) have considered applications of DOE to analyze variabilit y in
charging due to various factors. This work s often contrast with the inference s
from conducted DOE due to sample size constraints which

arise from
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combinations of proportions. In the present study, s imultaneous inference at 9 9%
confidence is conducted using adjusted confidence levels for each material,
implementing the Bonferroni adjustment. An alternate approach can be Principal
Component Anal ysis (P CA) as a screening technique for factor combinations that
are significant in explaining variabilit y in electrostatic charging. This is an
efficient technique to locate arbitration and other variants of the second -stage
model above to involve other combinat ions of factors. It can be used to extend
the current anal yses in the presence of a large number of factors for the second stage model.
3. Results

The initial experiments were performed in Al V-blenders, and the net charge
of the system attained negative pol arit y irrespective of the concentrations of the
individual materials present in the blends. However, binary and ternary mixtures
charged significantly lower compared to the individual materials. The charge
magnitude was in the order Ibuprofen> Lactose>MCC>Theophylline for the
individual materials against the Al wall. Fig. 2(a) and 2(b). represents the ternary
diagram based on the mean trends obtained for the triplicates of 13 different
concentrations of mixtures considering either ibuprofen or theophylline as the
drug. The plot itself is not continuous and is developed from the discrete points,
to have a better understanding of the probable charging trends. Fig. 2(a)
represents the charging profi le of different concentrations of Ibuprofen, Lactose,
and MCC. The impact of mixing of secondary or tertiary materials to either
Lactose or Ibuprofen was significant, leading to zones of reduced charging. The
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net charge of the mixtures did not alter much c ompared to MCC, although the
trend was similar. No consistent difference in charging was observed for three
component s ystems compared to 2 -component systems. The observation is
important regarding industrial processing, as electrostatic charging can be
mitigated by the introduction of additional materials . Hence, based on the studies
any composition of Lactose -MCC, MCC -Ibuprofen or Ibuprofen -Lactose can be
implemented to mitigate charging. The concentrations above 75% of Ibuprofen
showed higher charging when compared to their mixtures, suggesting a dominant
effect of Ibuprofen regarding charge transfer. Fig. 2(b) represents the charging
profile of different concentrations of Theophylline, Lactose , and MCC. The
specific charge legend in Fig. 2(b) is expre ssed within a smaller range to take into
account the lower charging profile of the individual materials compared to
Ibuprofen in Fig. 2(a). The charging of Theophylline was lower compared to the
individual excipients . However, the charge of the mixtures tended to reduce
compared to individual excipients. As the net charge of Theophylline was itself
low, the anal ysis was difficult to predict the pattern of charge variabilit y. Hence,
the further numerical anal ysis was implemented to understand/quantify the impact
of the secondary or tertiary materials for alteration of charging in Theophylline
and has been addressed in the statistical anal ysis section. The charging of the
binary compositions of the excipients (no -drug) also decreased compared with the
individual excipients. The factors altering charge variabilit y are multi -faceted,
and may be altered by charge transfer between different materials; differences in
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surface contacts and also the moisture contents , as each factor for the mixtures
can differ from individual components lead ing to variations in charging.
The results obtained from the experiments were further anal yzed using
statistical methods mentioned in section 2.2. The simplex centroid design in
Model I was first implemented to predict the impacts of mixing proportions in a
three-component mixture consisting of drug, Lactose, and MCC. The dependent
variable was considered as an exponential function to affect the variabilit y in
charging, by anal yzing the experimenta lly obtained numerical values within a
wider domain. The coefficients hence were interpreted from logarithmic-scale.
Case I: Drug(Ibuprofen) + MCC + Lactose (Al Wall)

The previousl y mentioned statistical model was used to anal yze the
variabilit y in char ging in Ibuprofen mixtures based on the material proportions .
The simplex centroid design was implemented first and is summarized in Table 2
(All data is represented up to 4 significant digits ). The effects of the individual
components of the mixture could be obtained by adding the intercept to the
corresponding factor coefficient in the Table. 2. due to aliasing of the effects.
Aliasing is an effect that causes different signals to become indisti nguishable.
The adjusted R-squared reported for the model for Ibuprofen is 0.84, impl ying
84% of the net variabilit y was explained by the variabilit y in the mixing
proportions. The impact of material proportions may be significant in reduction
of net system charge of mixtures compared to one-component systems, and simple
mixing designs could be implemented to mitigate the charge. Fig. 3(a) and 3(b).
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represents the predicted versus actual charging and the model diagnostics. The
predicted versus the actual charging shows the model efficacy. The model
diagnostics shows the presence of outliers ; those can be attributed to the restricted
experiments and replications which can be remedied.
The Type I Sum of Squares for the above models are represented in Table.
3. which confirmed in each model, that the interaction between drug and
excipients significantl y reduce d charging in the three -component mixture (Effects
4 and 5). The charging variabilit y contributed by the Lactose, Ibuprofen, and
interaction of Lactose-MCC was not significant at 1% level of significance with
Bonferroni’s adjustment. The low impact of Lactose -MCC explained the similar
charging in 2-component and 3-component systems in Ibuprofen. The impact of
MCC alone in the pres ence of Drug or Lactose was borderline insignificant at 1%
level of significance. The coefficients of each excipient suggest an increase in the
magnitude of negative polarit y, while the positive values of the interaction
parameters indicate a decrease in negative polarit y (Table. 4). The reduction in
negative polarit y could be explained either by generation of positive charges due
to work function differential of the individual materials or by reduced particlewall interactions, leading to decreased charge transfer between individual
materials and wall material. It is difficult to anal yze the charge transfer between
different materials, although previous DEM models had suggested inter -particle
charge transfer mediated by work functions. Hence, in the course of the statistical
anal ysis, the hypothesis checked was if there was an impact of work function
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difference of the individual materials to the charge of the system beyond the
charging explained by Model I based on material proportions.
The residuals from Model I was further processe d to the second model
(Model II) to anal yze unexplained variabilit y in charging through work -function
differences and moisture content s of the mixture .
The effect of work -function was broken down into two stages:
(i)

Effective work function difference between mixture components .

(ii)

Effective work function d ifference between the wall and the individual
components.

The argument proposed in Model II was that the variabilit y in charging attributed
to the difference between the mixtu re components ha d been encompassed by the
simplex design fitted earlier . The model was also implemented to quantify the
extent of residual variabilit y explained by the total moisture content s and the
difference in work-function between the wall and the excipients (Table. 5). The
residual charge was independent of the effective work -function related to the
mixture. This supported the previous hypothesis that the charge transferred
between the particles may have been already accounted in Model I. Hence, t he
impact of the work function differences of the materials and wall had been studied
to identify the unexplained variabilit y obtained from Model I. The interaction of
Lactose and also Ibuprofen against the wall along with the moisture content
significantl y explained the variabilit y in charging. A negative coefficient of
Lactose was in accordance with our previous hypothesis of lactose charging
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negativel y against Al wall. The positive coefficient of Ibuprofen fails to support
the former assumption. However, since the model is implemented to explain the
residual charge of the mixtures onl y after implementation of Model I, the
cumulative results should be focused those indicate the increase in negative
polarit y due to the presence of Ibuprofen. On the other ha nd, it is also unknown
how the work function differences alter with concentrations in a mixture. In the
present study, the work function matrix had been implemented as an independent
matrix, without taking into consideration of the concentration of individual
materials. This might be taken into account, and hence the effect of secondary
models should not be accurate to what might be impacting the physical process.
The work function difference between MCC and wall was not significant in
explanation of charge residuals. MCC has high Cohesive Energy Densit y with
high moisture contents, and hence might be less susceptible to charge transfer on
impact with walls compared to the other materials. Also, the lower spreading
coefficient of MCC against Al wall can be a probable explanation of less charge
transfer between the surfaces. The other likel y anomal y observed from the
statistical anal ysis was the impact of moisture. Previous studies suggested an
increase of moisture content decreases charging of the system, however, a
negative coefficient for moisture indicated an increase in negative charge, for the
residual charge. The effect of moisture on charge transfer can be critical and may
induce ion transfer, hence future studies needed to be implemented to predict
moisture induced charge variations. It is important to note that the confidence
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intervals constructed from the above estimates are computed using the Bonferroni
adjustment. The adjusted R -squared reported for the model is 0.94.
The

residual

variabilit y

was

further anal yzed

using the spreading

coefficient of the excipients against the wall and the particle size. The model
results are shown in Table. 6. The table shows that the spreading coefficient of
the drug and particle size are significant in explaining the residual variabilit y in
the model. The inverse relationship between the particle size and charging can be
verified in log-scale from the estimate. The overall R -squared for the fitted model
is 0.99.
Case II: Theophylline + MCC + Lactose (Al Wall)

As explained in the anal ysis for Ibuprofen in Case I, the effects of the
individual components of the mixture could be obtained by adding the intercept
to the corresponding factor coefficient in the Table. 7 due to aliasing of the
effects. The adjusted R -squared reported for the Model I of Case II is 0.70. This
implies the mixing proportions explained 70% of the net variabilit y in charging
of Theophylline mixtures . This was lower compared to Ibuprofen , and one of the
probable reason could be the small specific charge of Theophylline, rendering the
net reduction in charge due to mixing to be limited. The charging variabilit y
contributed

by

the

MCC,

Lactose,

MCC -Lactose

interaction

and

MCC -

Theophylline interaction was not significant at 1% level of significance with
Bonferroni’s adjustment. The charging variabilit y was explained by the drug itself
and interaction between Theophylline and Lactose. The coefficients of the drug,
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excipients and the interactio n parameters are represented in Table. 9. The
interaction parameters had positive coefficients and explained a net reduction of
charge. The results were equivalent to what obtained for Ibuprofen in Model I
except the drug itself had a much lower coefficient in Case II. One parameter that
needs to be focused is the lack of charge variation in the presence of MCC, hence,
unlike Ibuprofen MCC may not be an effective excipient to reduce charging. On
the other hand, the presence of lactose increased the charge o f the mixture, and
hence, may require an astute choosing of proportions to mitigate charging. The
potential reason for the variable charging may be attributed to the low charge of
the drug itself, and one of the excipients charging higher than the drug. Fi g. 4.
shows the predicted versus actual charging and the model diagnostics. The model
diagnostics indicate the presence of outliers which can be attributed to the
restricted experiments and replications which can be remedied. The nonlinearit y
in the residuals can be rectified by looking at power transforms or increasing
replications and experiments (sample size). The predicted versus the actual
charging shows the model efficacy.
Table. 10 shows that the effects of Lactose against the wall and the drug
against the wall along with the moisture content significantl y reduce the
variabilit y in charging, whereas the impact of the work-function difference in
between MCC and Wall is not significant. This further confirms the material wall
interactions from Case I. In the presence of other materials, the charging due to
the impact of MCC on the wall was not substantial. However, as in Case I,
Lactose-Al wall, and Drug-Al wall interactions explained the residual variabilit y
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of the model. The impact of the net moisture content of the mixture showed similar
trends obtained in Case I. The anomalies are similar to what accomplish ed for
Ibuprofen and may further experimental data may be useful to confirm the
predicted trends . The confidence intervals constructed from the above estimates
are computed using the Bonferroni adjustment. The adjusted R -squared reported
for the model is 0.93.
Table 11. shows the estimates of the spreading coefficient and particle size
on the residual variabilit y. The spreading coefficients of Lactose and MCC were
not significant in explaining the remaining charge variation. However, the drug
behaved differentl y compared to Case I for the spreading coefficients and is an
important parameter describing the lower charging in Theophylline compared to
Ibuprofen. The impact of particle sizes was significant in explaining the residual
charge. The inverse relationship between the particle size and charging can be
verified from the estimate. The overall R -squared for the fitted model is 0.98.
The presence of tertiary material and the interaction of Lactose and MCC
was insignificant for both the drugs. The binary blends of Lactose and MCC were
deemed irrelevant in explaining material charging from Case I and II and was
discarded for the PMMA wall. Hence, for PMMA blender wall, onl y binar y
composition of drugs and excipients were implemented to anal yze the variations
in charging for Ibuprofen and Theophylline, along with the impact of blender wall
material. The experimental data were obtained from 4 replicates of Drug -excipient
binary interactions from previous studies (Naik et al., 2015) . The study found the
individual materials to charge negativel y against PMMA surface and a reduction
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in net negative charge with the addition of excipients.

However, one distinct

variabilit y obtained in binary composition with a high concentration of Lactose
was charge reversal. The discrete data points for the PMMA study was obtained
by digitization of the plots of previousl y published literature and has been
represented in Fig.5. The ternary plots are created based on the assumption that
the impact of tertiary materials would not significantl y a lter the charge compared
to the binary mixture. The shaded region represents the area of charge reversal.
A statistical study was performed to test the difference in between
Aluminum and PMMA towards explaining variabilit y in charging. A nonparametric test for the difference in median charging was considered due to the
̃
presence of unequal numbers of samples and replicates . If 𝑄̃
𝐴𝐿 and 𝑄𝑃𝑀𝑀𝐴
represents the median charge against the respective walls and hypotheses was
tested using Mood’s two -sample non-parametric test,
̃
𝐻0 : 𝑄̃
𝐴𝐿 = 𝑄𝑃𝑀𝑀𝐴 .

(3)

Mood’s two-sample non-parametric test (Richardson, 2015) tests the null
hypothesis whether the medians of the populations from which two or more
samples are drawn are identical or not. The results of the Mood’s two-sample test
have a p-value of 0.0005 which at 1% level of significance indicating that the
median charges were significantl y different between the blender walls. Hence, the
three step Model were implemented for the PMMA walls in order to confirm the
charging patterns.
Case III: Ibuprofen + MCC + Lactose (PMMA Wall)
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Case III studies the impact of the PMMA wall for the Ibuprofen, Lactose ,
and MCC. PMMA is an insulator and has a work function higher than Al. Table.
12 represents the restricted fit for the simplex centroid design against the PMMA
surface. Table. 13 represents Type I sum of squares for Ibuprofen. The
Bonferroni’s adjusted p values suggest the interaction coefficients (Effect 4 and
5) as the significant factors explaining the variabilit y in charging for mixtures.
The trend replicates the pattern obtained for Ibupro fen against Al walls along with
the overall R -squared for the fitted model is 0. 84. The coefficents represented in
Table 14 indicates the parameters to be very similar to what observed for Al wall.
The two blenders are dissimilar in material and in the net charging patterns as
confirmed from the Mood’s t test. But the variabilit y due to the proportions of the
materials remained similar for both the wall materials. This is a significant
observation and can be implemented to predict or quantify charging in
pharmaceutical mixtures for a wide range of drugs and excipients. The studies
were further performed for Model II (Table 15) and Model III (Table 16). The
effect of the work function differences between the materials was significant
within the residual cha rge accounted in Model II. He nce, Model I, failed to take
into account the total variation in charge due to the mixing proportions. However,
since 84% of the charge was already explained as a function of material
proportions in Model I, the unexplained var iabilit y is comparativel y lower, but
not insignificant. Based on the Bonferroni’s adjustment, the work function
difference between excipients and wall showed similar trends as the Al wall. The
other major difference that was obtained in the PMMA wall was the insignificant
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effect of moisture on Ibuprofen. It is difficult to hypothesize the probable physical
interpretation for such variations, with the assumption that statistical model holds
true. Hence, further studies will be needed to verify the find ings, with more
experiments and at different humidit y conditions. The adjusted R -square for
Model II is 0.96. The particle size was significant in predicting the charge of the
residuals in Model III along with the spreading coefficient of Ibuprofen against
PMMA. These trends are similar to the Ibup rofen-Al charge transfer patterns. The
R-square for Model III is 0.95.
Case IV: Theophylline + MCC + Lactose (PMMA Wall)
Case IV studies the charging variabilit y of Theophylline against PMMA
surfaces. The restricted fits for Theoph ylline in the Simplex Centroid design is
presented in Table 17. Based on the estimates of Table. 1 7 Type I sum of squares
are reported in Table. 18. Theophylline individuall y explained the variabilit y in
charging along with interaction wi th Lactose. However, the interaction between
MCC and Theophylline behaved differently than Al blender. This is significant as
in Al blender; the MCC-Theophylline interactions were unable to explain the
variations in charge. The theophylline lactose interac tions were similar in PMMA
to that of Al wall. The R -square for the model is 0.71. Similar to Ibuprofen, the
mixing proportions fail to take into account the total impact of inter -particle
charge transfer, and a significant amount of residual was explained by the interparticle work function . The Lactose-wall and Theophylline -wall interactions were
significant along with the mixture moisture contents. Hence, a significant amount
of the residual charge was explained by the moisture contents and the work

124
function interactions, with an R -square of 0.97 for Model II. However, the
spreading coefficient of the individual materials against PMMA wall was
insignificant similar to the behavior against the Al wall, while the charge
variabilit y in Model III was explaine d by the particle size for both cases. The R square for Model III was 0.96.
4. Discussion
In the course of the work, an effort has been made to predict the probable
interactions and

factors those may explain the

reduction of charge in

pharmaceutical mixtures . The study was extended to predict the charging patterns
in three component system s and also to account for the variabilit y of charge due
to presence different wall materials. It is difficult to conclude from small sample
space, especiall y to predict physical interpretation with statistical formalism. In
this case, two drugs (Ibuprofen and Theophylline) had been studied along with
two standard excipients (Lactose and MCC) and effects on charging was studied
for individual materials and mixtures. For individual materials the magnitude of
charging was in the order Ibuprofen>Lactose>MCC>Theophylline. Hence, one
drug with high magnitude of charge than the excipients, and another with lower
charge than the excipient s were used to develop the statistical model. However,
the presence of secondary or tertiary materials caused a significant drop in charge.
A three-stage model was implemented to understand the probable properties
altering charge variation in mixtures. The mixing proportion alone explained the
bulk of charge variabilit y for both the blenders (Ibuprofen>80% and Theophylline
>70%). The coefficients for the interaction between different materials showed
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opposite signs to that of the individual materials , irrespective of drug or blender
wall. This could either be explained by the generation of positive charges due to
interparticle interactions, or the suppression of charge due to reduced particlewall interactions or most probabl y a combination of both. This might be ver y
significant for scale-ups as knowing the binary contribution of the materials under
consideration; the method could be applied to predict charging of multi component mixtures in various proportions. The coefficients of the individual
materials and heir interactions remained similar from Al to PMMA. Al and PMMA
have different surface properties, and the present finding allows to control a
significant amount of charge by altering the mixing proportions irrespective of
the wall properties. In case of theophylline, the net charge of the system increased
in magnitude with the addition of lactose, the probable reason being the net charge
of the system dominated by the indivi dual coefficients of lactose, than the
interactions.
Independent work function models were incorporated to investigate the
probable impacts. The mixture work function values failed to explain the residual
charge against the Al wall, although for PMMA wall the factor was significant.
Hence, the Model I was m ore effective in considering particle -particle
interactions against Al than PMMA. In case of PMMA, the charge transfer is
between two insulators, rendering it more complicated to develop predictive
models. In all cases, the MCC -Wall interactions were insig nificant, while drug
and lactose interactions were more significant. This was probabl y due to very low
spreading coefficients of MCC and are further confirmed in Model III, where the
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spreading coefficient of MCC was insignificant throughout. The particle s ize was
always a significant factor explaining the residual charge. The moisture content
was significant in most cases. However, the coefficients in linear scales are
negative and impl y a n increase of negative charge to the system. Moisture itself
can alter material work functions or can improve surface conductivit y. Hence
although a significance is established, to conclude can be unrealistic. Regarding
the impact of excipients, the effect of Lactose was always significant in
explaining charge variabilit y f or the mixtures compared to MCC. Hence, Lactose
may provide better charge control than MCC in large-scale manufacturing,
although the indi vidual charge of Lactose was significantl y higher compared to
MCC. From the statistical view-point the methodology abo ve provides a bypass
to draw inference on the Simplex -Centroid design under a restricted number of
experiments. Results and conclusion are drawn under advisement in lieu of the
less amount of replicates (3 in this case). Upon validation, on more substantial
number of experiments and replications in future, the methodology outlined above
along with the inference can provide an efficient way to quantify a model for
anal yzing the variabilit y in triboelectric charging in mixtures. The use of
Bonferroni adjusted p-values controls the famil y-wise error rate (FWER) for the
multiple comparisons that were done for the coefficients. In conjunctio n, the three
models fitted, offsetting respective estimated model structures provide a complete
quantification of the variabilit y in charging. Overall, an attempt was made to
develop a restricted model, that would allow understanding the different
interactions leading to charging with a much small subset of the experiments
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required for Simplex centroid design. Future studies are deemed necessary with
the Simplex Centroid Model, and if the model outcome difference with the present
model is insignificant, the n the restricted model can be confirmed as an
appropriate alternative.
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Tables
Table 1.1. Mixture Concentrations

Concentration Fractions
Run

MCC PH
101

Lactose
Monohydrate

Drug

1

1

0

0

2

0

1

0

3

0

0

1

4

0.25

0.75

0

5

0.5

0.5

0

6

0.75

0.25

0

7

0.25

0

0.75

8

0.5

0

0.5

9

0.75

0

0.25

10

0

0.25

0.75

11

0

0.5

0.5

12

0

0.75

0.25

13

0.33

0.33

0.33
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Table 1.2. Work function differences (Column – Row)

Materials

MCC PH
101

Lactose
Monohydrate

Ibuprofen

Theophylline

Al

PMMA

MCC PH 101

-

0.07

-0.34

-0.21

-0.78

-0.6

Lactose
Monohydrate

-0.07

-

-0.41

-0.28

-0.85

-0.67

Ibuprofen

0.34

0.41

-

0.13

-0.44

-0.26

Theophylline

0.21

0.28

-0.13

-

-0.57

-0.39

Table 1.3.1. Surface Energy

Polar surface
Energy (mJ/m 2 )

Dispersive surface
Energy (mJ/m 2 )

Net surface
Energy
(mJ/m 2 )

MCC

10.91

59.08

69.99

Lactose

6.93

43.21

50.14

Ibuprofen

13.18

46.64

59.82

Theophylline

7.82

53.21

61.03

Aluminum

9.5

31.7

41.2

PMMA

7.8

35.9

43.7
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Table 1.3.2. Spreading coefficient of excipients against blender wall materials
Spreading Coefficient ( mJ/m 2 )
Aluminum

PMMA

MCC

-37.15

-32.46

Lactose

-11.11

-7.17

Ibuprofen

-22.07

-18.90

Theophylline

-25.44

-20.69

Table 1.4. Moisture Content (%w/w) of mixtures

MCC

Lac

Drug

Moisture Content with
Ibuprofen (%w/w)

Moisture Content with
Theophylline (%w/w)

1

0

0

4.81

4.81

0

1

0

0.01

0.01

0

0

1

0.05

0.02

0.25

0.75

0

1.21

1.21

0.5

0.5

0

2.41

2.41

0.75

0.25

0

3.61

3.61

0.25

0

0.75

1.24

1.22

0.5

0

0.5

2.43

2.42

0.75

0

0.25

3.62

3.61

0

0.25

0.75

0.04

0.02

0

0.5

0.5

0.03

0.02

0

0.75

0.25

0.02

0.01

0.3333

0.3333

0.3333

1.62

1.61
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Table 1.5. Mean Particle Size

MCC

Lac

Drug

Mean Particle
size (d 5 0 )

Mean Particle size
(d 5 0 )

Ibuprofen ( m)

Theophylline ( m)

1

0

0

55.22

55.22

0

1

0

63.12

63.12

0

0

1

17.02

62.12

0.25

0.75

0

61.15

61.15

0.5

0.5

0

59.17

59.17

0.75

0.25

0

57.20

57.20

0.25

0

0.75

26.57

60.40

0.5

0

0.5

36.12

58.67

0.75

0

0.25

45.67

56.95

0

0.25

0.75

28.55

62.37

0

0.5

0.5

40.07

62.62

0

0.75

0.25

51.60

62.87

0.33

0.33

0.33

45.12

60.15
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Table 2.1: Restricted Fit for MCC, Lactose and Interactions against Al
wall
Effects
1
2
3
4
5

Coefficients
(Intercept)
MCC
Lactose
MCC - Lac
MCC - Ibuprofen
Lac - Ibuprofen

Estimate
-0.0407
0.3428
0.1874
1.5674
2.5612
2.6816

Table 2.2: Restricted Fit for MCC, Drug and Interactions against Al wall
Effects Coefficients
(Intercept)
1
MCC
2
Ibuprofen
3
MCC-Lac
4
MCC- Ibuprofen
5
Lac-Ibuprofen

Estimate
0.1462
0.156
-0.1863
1.5669
2.5593
2.6811

Table 2.3: Restricted Fit for Drug, Lactose and Interactions against Al
wall
Effects
1
2
3
4
5

Coefficients
(Intercept)
Ibuprofen
Lactose
MCC - Lactose
MCC - Ibuprofen
Lac - Ibuprofen

Estimate
0.3016
-0.3417
-0.1548
1.5659
2.5604
2.6792
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Table. 3. Type I Sum of Squares (SS) (Ibuprofen -Al)

Effects

Table 2.1
SS

Table 2.2
SS

Table 2.3
SS

Table 2.1
p-value

Table 2.2
p-value

Table 2.3
p-value

1

0.1710

0.1710

0.0603

0.0021

0.0021

0.0559

2

0.0049

0.005

0.1161

0.5749

0.5725

0.0096

3

0.0194

0.0193

0.0192

0.2683

0.2695

0.2714

4

0.7454

0.7451

0.7451

0

0

0

5

1.6944

1.6936

1.6926

0

0

0
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Table 4: Coefficients of the materials and interaction parameters obtained from
Model I (Ibuprofen -Al) [linear scale]

Coefficients
MCC
Lactose
Ibuprofen
MCC-Lac
MCC- Ibuprofen
Lac-Ibuprofen

β
-1.20
-1.92
-3.22
0.53
0.94
0.99
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Table 5: Estimates/Model-Coefficients for Work -Function Diff. and Moisture
Content (Ibuprofen -Al)
Coefficients
Work Function Diff
(MCC/Lactose/Ibuprofen)
Work Function (MCC/Wall)
Work Function
(Lactose/Wall)
Work Function
(Ibuprofen/Wall)
Moisture Contents

Estimate
-1.1302
0.1961
0.694
1.9001
0.1425

Ln
Abs(Estimate)
0.1223
-1.629
-0.3652
0.6419
-1.94

Std.
Error

t value

Pr(> |𝑡|)

0.4222

-2.677

0.0114

0.1686

1.163

0.2529

0.0796

8.7132

0

0.2957

6.4266

0

0.0416

3.4221

0.0016
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Table 6: Estimates/Model-Coefficients for Spreading Coefficient (SC) and
Particle Size (Ibuprofen -Al)

Estimate
SC MCC
SC Lac
SC Drug
Particle Size

0.0063
0.0317
-0.017
0.0259

Ln
Std. Error
t value
Abs(Estimate)
-5.06
0.003
2.1132
-3.45
0.0111
2.873
-4.07
0.0032 -5.3822
-3.65
0.003
8.5725

Pr(> |t|)
0.0418
0.0069
0
0
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Table 7.1: Restricted Fit for MCC, Lactose and Interactions against Al wall

Effects
1
2
3
4
5

Coefficients
(Intercept)
MCC
Lactose
MCC-Lactose
MCC- Theophylline
Lac- Theophylline

Estimate
0.483
-0.1289
-0.2795
1.3848
1.7262
2.7696

Table 7.2: Restricted Fit for MCC, Drug and Interactions against Al wall

Effects
1
2
3
4
5

Coefficients
(Intercept)
MCC
Theophylline
MCC-Lactose
MCC- Theophylline
Lac- Theophylline

Estimate
0.203
0.151
0.2802
1.3881
1.7264
2.7707

Table 7.3: Restricted Fit for Drug, Lactose and Interactions against Al wall

Effects
1
2
3
4
5

Coefficients
(Intercept)
Theophylline
Lactose
MCC-Lactose
MCC- Theophylline
Lac- Theophylline

Estimate
0.3535
0.1297
-0.1501
1.387
1.727
2.7693
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Table 8: Type I Sum of Squares (Theophylline -Al)

Effects
1
2
3
4
5

Table 7.1
SS
0.0808
0.3792
0.0208
0.1985
1.8074

Table 7.2 Table 7.3
SS
SS
0.0808
0.4588
0.3782
0
0.0209
0.0209
0.199
0.1988
1.8087
1.8083

Table 7.1
p-value
0.1233
0.0017
0.4286
0.0185
0

Table 7.2
p-value
0.1231
0.0017
0.4264
0.0183
0

Table 7.3
p-value
0
0.9280
0.4266
0.0184
0
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Table 9. Coefficients of the materials and interaction parameters obtained from
Model I (Theophylline -Al) [Linear Scale]

Coefficients
MCC
Lactose
Theophylline
MCC-Lac
MCC- Theophylline
Lac-Theophylline

β
-1.04
-1.6
-0.73
0.33
0.55
1.01
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Table 10: Estimates/Model -Coefficients for Work -Function Diff. and Moisture
Content (Theophylline -Al)

Coefficients

Estimate

Work Function Diff
(MCC/Lactose/Theophylline) -2.2209
Work Function (MCC/Wall)
0.144
Work Function
(Lactose/Wall)
0.7934
Work Function
(Theophylline/Wall)
1.6154
Moisture Contents
0.1534

Ln Abs(Estimate)

Std.
Error

t value

Pr(
> |𝑡|)

0.7058
0.1819

-3.1466
0.7915

0.0034
0.4341

0.0941

8.4352

0

0.2394
0.0449

6.7478
3.4136

0
0.0017

0.7979
-1.9379
-0.2314
0.4795
-1.8747
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Table 11: Estimates/Model-Coefficients for Spreading Coefficient (SC) and
Particle Size (Theophylline -Al)

Estimate
SC MCC
SC Lac
SC Theophylline
Particle Size

0.0043
0.0338
0.0116
0.0241

Ln
Std. Error t value
Abs(Estimate)
-5.4491
0.0024
1.7526
-3.3873
0.0121
2.7905
-4.4567
0.0041
2.7893
-3.7255
0.0021
11.4282

Pr(> |t|)
0.0884
0.0085
0.0085
0
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Table 12.1: Restricted Fit for MCC, Lactose and Interactions against PMMA

Effects
1
2
4
5

Coefficients
(Intercept)
MCC
Lac
MCC- Ibuprofen
Lac-Ibuprofen

Estimate
-0.0319
0.3488
0.2375
3.3842
4.7511

Table 12.2: Restricted Fit for MCC, Ibuprofen and Interactions against PMMA

Effects
1
2
4
5

Coefficients
(Intercept)
MCC
Ibuprofen
MCC- Ibuprofen
Lac-Ibuprofen

Estimate
0.2057
0.1112
-0.2375
3.3842
4.7511

Table 12.3: Restricted Fit for Ibuprofen, Lactose and Interactions against
PMMA

Effects
1
2
4
5

Coefficients
(Intercept)
Ibuprofen
Lactose
MCC- Ibuprofen
Lac-Ibuprofen

Estimate
0.3169
-0.3488
-0.1112
3.3842
4.7511
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Table. 13. Type I Sum of Squares(Ibuprofen -PMMA)

Effects
1
2
4
5

Table 12.1
SS
0.0395
0.0115
0.9564
5.1068

Table 12.2
SS
0.0395
0.0115
0.9564
5.1068

Table 12.3
SS
0
0.051
0.9564
5.1068

Table 12.1
p-value
0.3036
0.5774
0
0

Table 12.2
p-value
0.3036
0.5774
0
0

Table 12.3
p-value
0.9785
0.244
0
0
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Table. 14. Coefficients of the materials and interaction parameters obtained
from Model I (Ibuprofen -PMMA)[Linear Scale]

Coefficients
MCC
Lactose
Ibuprofen
MCC- Ibuprofen
Lac-Ibuprofen

β
-1.15
-1.58
-3.45
1.30
1.62
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Table. 15: Estimates/Model -Coefficients for Work -Function Diff. and Moisture
Content (Ibuprofen -PMMA)

Coefficients

Estimate

WF Mixture
WF MCC/Wall
WF Lac/Wall
WF Drug/Wall
Moisture Content

-2.2115
1.0224
1.3973
3.9225
0.0629

Ln
Abs(Estimate)
0.7937
0.0222
0.3345
1.3667
-2.7662

Std.
Error
0.355
0.2959
0.1364
0.3806
0.0429

t value

Pr(> |𝑡|)

-6.2299
3.4557
10.2469
10.3058
1.4662

0
0.0016
0
0
0.1527
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Table. 16. Estimates/Model -Coefficients for Spreading Coefficient (SC) and
Particle Size (Ibuprofen against PMMA wall)

Estimate
SC MCC
SC Lac
SC Ibuprofen
Particle Size

0.0071
0.0419
-0.0282
0.0204

Ln
Std. Error t value
Abs(Estimate)
-4.9476
0.005
1.4154
-3.724
0.0248
1.6922
-3.5684
0.004
-7.0997
-3.8922
0.0032
6.4563

Pr(> |t|)
0.1666
0.1003
0
0
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Table 17.1: Restricted Fit for MCC, Lactose and Interactions against PMMA
wall

Effects
1
2
4
5

Coefficients
(Intercept)
MCC
Lac
MCC - Theophylline
Lac - Theophylline

Estimate
0.4336
-0.0795
-0.21
2.1956
2.5235

Table 17.2: Restricted Fit for MCC, Drug and Interactions against PMMA wall

Effects
1
2
4
5

Coefficients
(Intercept)
MCC
Theophylline
MCC - Theophylline
Lac - Theophylline

Estimate
0.2236
0.1305
0.21
2.1956
2.5235

Table 17.3: Restricted Fit for Drug, Lactose and Interactions against PMMA
wall

Effects
1
2
4
5

Coefficients
(Intercept)
Theophylline
Lac
MCC - Theophylline
Lac - Theophylline

Estimate
0.3541
0.0795
-0.1305
2.1956
2.5235
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Table. 18. Type I Sum of Squares (Theophylline-PMMA)

Effects
1
2
4
5

Table 17. 1
SS
0.0223
0.381
0.5154
1.4407

Table 17.2
SS
0.0223
0.381
0.5154
1.4407

Table 17.3
SS
0.3818
0.0216
0.5154
1.4407

Table 17. 1
p-value
0.3974
0.0013
0.0003
0

Table 17. 2
p-value
0.3974
0.0013
0.0003
0

Table 17. 3
p-value
0.0013
0.4052
0.0003
0
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Table. 19. Coefficients of the materials and interaction parameters obtained
from Model I (Theophylline -PMMA) [Linear Scale]

Coefficients
MCC
Lactose
Theophylline
MCC- Theophylline
Lac-Theophylline

β
-1.04
-1.50
-0.83
0.93
1.06
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Table. 20. Estimates/Model -Coefficients for Work -Function Diff. and Moisture
Content (Theophylline -PMMA)

Coefficients
WF Mixture
WF MCC/Wall
WF Lac/Wall
WF Drug/Wall
Moisture Content

Estimate
-3.602
0.4639
1.0521
2.0068
0.1134

Ln Abs
(Estimate)
1.2814
-0.768
0.0507
0.6965
-2.1768

Std.
t value
Error
0.4425
-8.1409
0.185
2.5075
0.0915 11.4978
0.1452 13.8204
0.0354
3.1999

Pr(> |𝑡|)
0
0.0176
0
0
0.0032
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Table 21. Estimates/Model-Coefficients for Spreading Coefficient (SC) and
Particle Size (Theophylline- PMMA wall)

Estimate
SC MCC
SC Lac
SC Drug
Particle Size

-0.0018
-3.00E-04
6.00E-04
0.0165

Ln Abs
Std. Error t value
(Estimate)
-6.3199
0.003
-0.6055
-8.1117
0.0147
-0.0205
-7.4185
0.0037
0.1614
-4.1044
0.0019
8.458

Pr(> |t|)
0.5491
0.9838
0.8728
0
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Figures

Fig. 1. Schematic of Simplex Centroid Design for Mixing study
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Fig. 2(a). Ternary diagram of Ibuprofen mixtures against Al wall

Fig. 2(b). Ternary diagram of Theophylline mixtures against Al wall
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Fig. 3(a). Diagnostics of specific charge generated against Al wall in Model I

Predicted Charge
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exp (Specific Charge)

Fig. 3(b). Actual vs Predicted charge for Ibuprofen generated against Al wall in Model I
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Fig. 4(a). Diagnostics of specific charge generated against Theophylline wall in Model I
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Fig. 4(b). Actual vs Predicted charge for Theophylline generated against Al wall in Model I
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Fig. 5(a). Ternary diagram of Ibuprofen mixtures against PMMA wall

Fig. 5(b). Ternary diagram of Theophylline mixtures against PMMA wall
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Abstract
Pharmaceutical powder flow can alter significantl y based on the exposed
humidit y conditions, and lack of computational models to predict the same may
undermine process development, optimization, and scale -up performances. A
Discrete Element Model (DEM) is proposed to predict the effects of humidit y on
pharmaceutical powder flow by altering the cohesive forces based on granular
bond numbers in simple hopper geometries. Experiments analogous to the
simulations are further performed for three commonl y used pharmaceutical
excipients at 20%, 40% and 60% RH. The equivalent DEM based bond numbers
to predict the powder flow tendencies are in good accordance with the
experimental results and can be a useful tool to predict the outcomes of different
pharmaceutical processing techniques at various humidit y conditions.

Keywords: Cohesion; DEM; Moisture; Powder flow
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1.

Introduction

Reliable process manufacturing techniques in pharmaceutical industr y
demand the optimization of powder flow properties to reduce segregation,
agglomeration, material loss and ensure content uniformit y in the final product.
The measurements of bulk densit y, tapped densit y, the angle of repose, Carr’s
index, Hausner’s ratio are all indicators for powder flow under gravit y (Sarkar,
Mukherjee, & Chaudhuri, 2017) . Shear cell testers have also been widel y used to
predict powder flow properties like cohesion, the angle of friction and flow
functions for both active pharmac eutical ingredients (API) and excipients
(Freeman, 2007; Jenike, 1967; Leung, Mao, Chen, & Yang, 2016) . All these
indicators vary at different humidit y conditions as the r elative cohesion of the
same material can alter significantl y depending on the material moisture contents
(Amidon,Gregory E., Houghton, M.E, 1995; Crouter & Briens, 2014; Nokhodchi,
2005; Sandler, Reiche, J yrki Heinämäki, & Yliruusi, 2010; Sun, 2016; Sun, 2008) .
The quantification of the flowabilit y of low cohesion or free-flowing materials
can also be undermined (Leung et al., 2016) due to their flow variabilit y in
response to variations in moisture contents. Dynamics of particles less than 20
µ m are dominated by cohesive fo rces; the cohesive force is 10 5 times greater than
gravitational forces acting on the particles (S ymposium on Particles on Surfaces:
Detection, Adhesion, and Removal (2nd : 1988,: Santa Clara, 1989) . As particle
size increases, the fundamental forces are dominated by gravitational forces,
cohesion, and friction. The effects of moisture in pharmaceutical powder flow are
multi-faceted and can be exper imentall y exhaustive to quantify the individual
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effects of different counter -acting forces. Moisture may modify the inter -particle
cohesion forces by changing the surface energy, surface conductivit y or by
capillary condensation (Hiestand, 1966). Most studies mentioned in the literature
have observed a worsening of pharmaceutical powder flow with the increase in
moisture content, mainl y due to the formation of liquid bridges at higher humidit y
conditions (Emery, Oliver, Pugsley, Sharma, & Zhou, 2009; Plinke, Leith,
Hathaway, & Löffler, 1994) . Alteration in surface energy can modify the van der
Waal’s forces (Capece, Ho, Strong, & Gao, 2015) , and added moisture layer could
further strengthen the same by reducing the inter -particle distances. However,
increase in the moisture contents may also induce lubrication, reducing surface
asperit y mediated friction and in terlocking of powder particles (M. Coelho &
Harnby, 1978; M. C. Coelho & Harnby, 1979) . Electrostatic forces also tend to
decrease with increasing moisture content because of the conductive proper ties of
water and related grounding effects (Mukherjee et al., 2016; Naik, Mukherjee, &
Chaudhuri, 2016). These manifold variables along with unknown material
properties, make it difficult to predict the flow properties of a new AP I or
excipient or their mixture without very detailed experimental investigations,
requiring significant time and resources. A simple predictive model to quantify
the cumulative effects of moisture on the cohesive be havior of pharmaceutical
powders can go a long way in addressing these issues.
Discrete Element Method (DEM) based computer models are extensivel y
implemented to predict particle dynamics of various powder -flow processes
(hopper, chute, blenders, dryers, millers, tablet press, etc.) (A. N. Faqih,
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Chaudhuri, Mehrotra, Tomassone, & Muzzio, 2010a; Ketterhagen, Curtis,
Wassgren, & Hancock, 2008; M.S. Tomassone, B. Chaudhuri, A. Faqih, A.
Mehrotra, F.J. Muzzio, 2005; Naik & Chaudhuri, 2015; Sahni & Chaudhuri, 2013) .
It is easy to incorporate the equipment geometry (as b oundary conditions), and
the physical and mechanical properties of the powder under investigation in DEM
algorithms, resulting in the development of reliable process models. Moreover,
information can be extracted for each particle from the simulation model that
would be tough to obtain experimentall y. Thus, embracing DEM process models
have the potential to significantl y reduce the experimental efforts, save resource
and cost, decrease the number of rejected batches during scale-up, thereby
ensuring the qualit y of the manufactured product and patient safet y. The present
study focuses on developing a DEM based predictive model to understand the
variabilit y of pharmaceutical powder flow under different humidit y conditions.
The hopper is one of the most wid el y implemented geometries in pharmaceutical
manufacturing processes, used as blenders, storage containers and for material
transfer into gravimetric feeders (Ketterhagen, Curtis, Wassgren, & Hancock,
2009). Hopper flow simulations have been extensivel y studied and have shown
excellent agreement with experimental results. Models predicting effects of wet
systems (Chaudhuri, Mehrotra, Muzzio, & Tomassone, 2006) on particle dynamics
during hopper flow has also been well implemented for granular materials (Anand
et al., 2009; Nase, Vargas, Abatan, & McCarthy, 2001) . In this study, simple
hopper geometries have been chosen to predict the moisture-induced flow
variabilit y

of

pharmaceutical

powders

at

various

parametric

conditions.
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Verification experiments similar to the simulations are performed and equivalent
DEM parameters to predict moisture induced f low variabilit y in pharmaceutical
powders are determined. In the case of no -flow conditions under gravit y, vertical
vibration is introduced to aid the flow discharge from the hopper. The DEM model
parameters are employed as comprehensive predictive tools t o enhance the
understanding of the variabilit y in flow properties due to moisture induced
cohesion and provide approximate estimations of the material properties of the
pharmaceutical powders.
2.

Methods

2.1. Computational Model
The Discrete Element Method (DEM) based computer modeling tracks the
trajectory of individual particles (Cundall, 1971; Cundall & Strack, 1979) b y
calculating the forces acting on them, followed by integration of Newton’s second
law of motion. The position and direction change of the particles are calculated
at small time steps, and the new coordinate sets are initialized as the basis for the
calculation of the next time step. The net force ∑ 𝐹 acting on each particle is given
by the sum of the gravitational force ( 𝑚𝑔), the inter-particle collisional forces
(normal {𝐹𝑁 } and tangential { 𝐹𝑇 }), and the cohesive forces ( 𝐹𝐶𝑜ℎ𝑒𝑠 ) acting on the
individual particle (Eq. 1).
∑ 𝐹 = 𝑚𝑔 + 𝐹𝑁 + 𝐹𝑇 + 𝐹𝐶𝑜ℎ𝑒𝑠

(1)
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The corresponding torque ( 𝑇) acting on each particle of radius 𝑟𝑖 is the sum of the
moments of the tangential forces ( 𝐹𝑇 ) (Eq. 2).
∑ 𝑇𝑖 = 𝑟𝑖 × 𝐹𝑇

(2)

The normal forces (𝐹𝑁 ) for inter-particle or particle -wall collision are modeled
with the “partiall y latching spring force model” proposed by Walton and Braun
(Walton & Braun, 1986) . The tangential forces ( 𝐹𝑇 ) are modeled by the
“incrementall y slipping friction model” proposed by Walton (Walton, 1993). In
all cases, the frictional limit follows 𝐹𝑇 ≤ 𝜇𝐹𝑁 (𝜇 is the friction coefficient).
The particle rolling resistance is also modeled as an additional torque
(𝑇𝑟 ) acting opposite to the rotational motion of the particles, to that produced b y
the tangential force (Zhou et al., 2005). The rolling friction allows to account for
the rotational hindrance caused due to particle surface asperities and is defined
as,
𝜔

𝑇𝑟 = −𝜇𝑅 |𝐹𝑁 | |𝜔𝑖 |
𝑖

(3)

where, 𝜇𝑅 is the coefficient of rolling friction, and 𝜔𝑖 is the angular velocit y of
the 𝑖th particle. The moisture induced cohesion is modeled by adjusting the
cohesive forces ( 𝐹𝐶𝑜ℎ𝑒𝑠 ) using a dimensionless granular bond number 𝐵0 (Eq. 4),
where,
𝐵0 =

𝐹𝐶𝑜ℎ𝑒𝑠
𝑚𝑔

(4)
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The dimensionless parameter 𝐵0 (Alexander et al., 2006; A . Faqih et al., 2006; A.
N. Faqih, Chaudhuri, Mehrotra, Tomassone, & Muzzio, 2010b; Tomassone et al.,
2005) is independent of the particle size and represents the ratio of cumulative
cohesive forces due to electrostatic forces, van der Waal’s forces, an d liquid
bridges to the weight ( 𝑚𝑔) of the individual particle. This DEM model is
introduced into a conical hopper geometry (Fig. 1) to predict the powder flow
variabilit y at different cohesive parameters (Table. 1).
The hopper makes an angle of 30

with the vertical, and in the course of

the study will be represented as H 3 0 . Two other hopper angles making 15 (H 1 5 )
and 45

(H 4 5 ) with the vertical, are further introduced to study the impact of

hopper geometries on cohesive powder flow and to validate the simulation model.
All DEM simulations are performed both for particles depicting spherical
cohesion-less glass beads and those representing behavior similar to the cohesive
pharmaceutical excipients (Table. 2). Initiall y, the particles are loaded into the
closed hopper in a non -overlapping fashion and allowed to reach mechanical
equilibrium after a gravitational settling. The flow is initiated by opening the
hopper outlet.
The effects of stiffness coefficient and coefficient of restitution on the
hopper discharge rates can be considered minimal (Anand et al., 2009) and are
kept constant during the simulations. The rolling friction coeff icient 𝜇𝑅 has been
assumed to be negligible for spherical cohesion -less glass beads. A high 𝜇𝑅 (0. 2
mm) for cohesive particles is considered, to account for the shape and particle
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asperit y for pharmaceutical powders. However, the variability of discha rge rates
in dynamic systems like hopper flow due to the effects of rolling friction may not
be significant beyond a small range of values, and hence is kept constant
(Ketterhagen et al., 2008) . The discharge studies are done at different granular
bond numbers, particle-wall friction coefficients, and particle-particle friction
coefficients to model the flow behavior of the various grades of cohesion. The
discharge rates are calculated based on the time (sec ) required to discharge at
least 95% of the fill mass and are expressed as dimensionless cohesive discharge
ratio (𝐶𝐷𝑅), (Anand, Curtis, Wassgren, Hancock, & Ketterhagen, 2008) given by,

𝐶𝐷𝑅 =

(𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑒𝑠 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠−𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑒𝑠 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠)
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑒𝑠 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

(5)
CDR compares the flow rates of cohesive materials to that of the flow rates of the
cohesionless materials. The magnitude of CDR varies between 0 <CDR

1, a lower

value of CDR indicates less cohesion, and a value of 1 indicates no -flow
conditions due to cohesion. The frictional and cohesive parameters are further
introduced in two different hopper geometries (H 1 5 & H 4 5 ) as mentioned
previousl y.
Many pharmaceutical powders (excipients and APIs) are very cohesive with
low flow functions and may not flow under gravit y in different hopper geometries.
API’s are mostl y more cohesive than the excipients and have flow function
coefficients around 2 (Capece et al., 2015; L. X. Liu et al., 2008). The flow
function coefficients for excipients may vary and can be as small as the AP I’s
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(2.01 for Avicel PH 105), to higher values (11.9 for Mannitol, 12 for Lactose Fast
Flo) (Capece et al., 2015). Vertical vibration (Fraige, Langston, Matchett, &
Dodds, 2008; Langston, Matchett, Fraige, & Dodds, 2009) is introduced to
discharge cohesive particles which do not flow under gravi t y. The sinusoidal
oscillation is modeled by vibrating the initial hopper boundaries ( 𝐻𝐵0) at time 𝑡 =
0, along the vertical direction in time 𝑡,
𝐻𝐵𝑡 = 𝐻𝐵0 + 𝐴𝑠𝑖𝑛(2𝜋𝑓𝑡)

(6)

The vibration is maintained at a constant frequency (f) and amplitude (A). In the
course of this discussion, the vibration is denoted by the dimensionless
acceleration

(ratio of vibrational acceleration and acceleration due to gravit y),

where,

Γ=

𝐴(2𝜋𝑓)2
𝑔

(7)

A constant vibration is maintained for both simulations and experiments at
frequency 60Hz and amplitude 0.000254 m (0.01 inches) equivalent to Γ = 3.68.
The vibration profile is chosen based on the mechanical vibrator (Vibro Turbulator by Union Scientific) available during laboratory experiments that
allow a constant frequency of 60 HZ, and amplitudes alteration from 0.01 inches
to 0.15 inches. All powders under co nsideration in the experiments did flow at an
amplitude of 0.01 inches (0.000254 m) and hence all vibration mediated flow
studies are done at Γ = 3.68.
Model Assumptions
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(i) The granular bond number is constitutive of the net effect of cohesive forces
mediated by electrostatic forces, van der Waal’s forces, and liquid bridges
(Chaudhuri et al., 2006) .
(ii)

The moisture co ntent of the system is assumed to be equall y distributed

(Anand, Curtis, Wassgren, Hancock, & Ketterhagen, 2010) .
(iii) Effects of interstitial gas are not considered in the study as the DEM particles
are considered larger than 500 µ m (Hilton, Mason, & Cleary, 2009) .
2.2. Experiments
2.2.1. Materials and Methods
The studies are performed on glass beads obtained from Ceroglass (GAR 9,
Diameter 800 µ m -1000 µ m) and three different pharmaceutical excipients
(Table.2). The variations in powder flow properties due to alteration of moisture
contents are anal yzed using similar hopper geometries made from Plexiglas at
three different humidit y conditions (RH 20%, 40%, and 60%). All materials are
pre-weighed and spread evenl y in thin layers on aluminum trays inside a humidit y
controlled glove -box, and are allowed to equilibrate for 48 -72 hours. The method
also allows a significant reduction of residual electrostatic charges on powder
particles (Naik & Chaudhuri, 2015; Naik, Sarkar, Gupta, Hancock et al., 2015b) .
RH equilibrated powders are then loaded into t he closed hoppers and allowed to
flow directl y into a petri -dish placed on a digital mass balance, by opening the
discharge gate. All the studies are performed in the humidity controlled glove
box, to maintain the equilibrium moisture content during the experiments. All
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powders are sieved appropriatel y to minimize the transfer of powder lumps into
the hopper. The discharge rates are studied by calculating the time required in
empt ying at least 95% of the excipient mass from the hopper. Results are
discarded if loss during flow is more than 5% of the initial fill mass, to reduce
variabilit y in the flow rates caused by arching or rat holing, and to model
conditions leading to a minimum mass loss . The flow patterns are recorded and
anal yzed digitall y in a movie recorder to inspect flow variabilit y up to one hundredth of a second. The initial fill volume is maintained at 50% for all the
experiments. During consistent no -flow conditions (no discharge from the three
hoppers at any of the RH conditions), the vertical vibration is introduced similar
to that of the DEM simulations ( Γ = 3.68). The alteration of discharge rates under
vibration is also studied for the glass beads as a control. Particle size distribution
for all powders is determined by the Mastersizer 2000E (Malvern Instruments)
Scirocco unit for dry powder measurements at 4 psi air pressure. Dynamic vapor
sorption (DVS) studies are performed on DVS 2/2000 by Surface Measurement
Systems to study the %w/w moisture content of the pharmaceutical powders at
different humidit y conditions. Mass flow controllers are used on dry nitrogen line
and saturated water vapor line to achieve the desired humidit y from 0% to 70% at
25°C. DVS 2.17 software is used to monitor the signal change during the
humidification step change. All discharge results are studied as dimensionless
cohesive discharge ratio (CDR), as defined in Equation 5.
3. Results and Discussions
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3.1.

Simulations
The DEM parameters (Table. 1) are introduced in the hopper model to study

the discharge rates of the cohesionless particles and are validated against the
experimental hopper discharge results obtained for the glass beads (Fig. 2) . The
flow rates are in accordance with the experimental conditions both for vibrated
and non-vibrated s ys tems. Hence, the discharge rates of the cohesionless particles
are adopted for calculating the CDR to determine the flow dynamics for the
cohesive particles at different paramet ric conditions in H 3 0 .
(a) Effect of Granular Bond Number ( 𝐵0 ): Simulations are performed for
cohesive particles at different 𝐵0 conditions. The increase in Granular Bond
numbers 𝐵0 reduces the discharge rates and hence CDR for the cohesive particles
increases, finall y leading to discontinuous or no flow (CDR ≈ 1) conditions (Fig.
3). Discontinuous flow is defined as when there are intermittent discharge and the
final discharge is <95% of initial fill mass. The CDR varies depending on Bond
number and frictional values. The critical Bond number 𝐵0𝑐𝑟 is the value at which
onl y discontinuous or no flow condition is obtained at the lowest frictional values
for a defined hopper geometry. 𝐵0𝑐𝑟 can vary based on the hopper dimensions, that
is, the no -flow condition for a specific hopper geometry changes at the lowest
frictional values considered in the simulations (µ = 0.3, where µ represents both
the inter-particle and particle -wall frictions). Hence, if the material cohesivit y is
more than the critical value for a specified hopper, no -flow under gravit y will be
obtained at any frictional values. This is pertinent in modeling cohesive
pharmaceutical powders, which often show similar flow behaviors depending on
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the hopper geometry due to moisture mediated alteration in cohesive forces, and
have been discussed later in the experimental section. The particle size may be an
important factor leading to arching or no -flow conditions. Hence to reduce the
confounding effects of particle size, the orifice diameter has been maintained at
least twelve times more than the particle diameter (Schulze, 2008). At lower
values of 𝐵0 the CDR increment shows a gradual increase, suggesting reduced
flow for pharmaceutical powders with the increase of moisture induced
cohesivit y. T he increment is steeper as 𝐵0 approaches the critical value (Fig. 4)
suggesting the alteration from flow to no-flow conditions for pharmaceutical
powders during hopper discharge can be profoundl y sensitive to moisture induced
cohesion and hence are complicated to predict in manufacturing scale up.
(b) Effect of Friction ( ): The effects of microscopic particle -wall and
particle-particle frictions are examined independentl y at different granular bond
number(𝐵0 ). The hopper discharge rate decreases with the increase of inter particle friction, and hence increases the respective CDR values (Fig. 5). The
increment is more prominent as the granular bond number increases. Particle particle friction is a dominant factor determining the flow rates and can be more
effective with increasingl y cohesive materials. The particle -wall friction does not
affect significantl y th e discharge of particles in broad rectangular hoppers for
cohesion-less particles (Anand et al., 2008; Vidyapati & Subramaniam, 2013) .
However, the conical hopper

provides a regime of extremel y dense flow,

especiall y near the orifice. The CDR increases with the increase in particle wall
friction (𝜇𝑝𝑤 ) (Fig. 6), the probable cause being high shear and low velocit y along
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the walls. Distribution of force chain lengths can also be dependent on wall
friction coefficients, hence altering the discharge rates (Zhang et al., 2014) .
However, the CDR changes are reduced beyond a wall friction of 0.7 for any of
the cohesive bond numbers. The flow patterns can also be quantified by Mass
Flow Index (MFI) which is the ratio of the average velocit y of the particles along
the hopper walls ( 𝑣𝑤 ) to that of the hopper center -line(𝑣𝑐 ) (Ketterhagen et al.,
2009). Mass flow (MFI > 0.3) is obtained at relativel y lower wall friction values.
At higher wall frictional values MFI drops sharpl y with 𝐵0 leading to funnel flow
behavior or discontinuous and no f low conditions (Fig. 7).
(c) Effect of Hopper geometry : The alteration of CDR is further studied in
two different hopper geometries H 1 5 and H 4 5 (Fig. 8). The discharge rates for the
cohesionless materials for H 1 5 and H 4 5 are similar to the experimental re sults
obtained for the glass beads (Fig. 2). The faster discharge patterns for
(𝐻45 ) compared to (𝐻30 ) is owed to the larger orifice diameter. The critical bond
number 𝐵0𝑐𝑟 alters based on the hopper geometry, where, 𝐵0𝑐𝑟 (𝐻45 ) < 𝐵0𝑐𝑟 (𝐻30 ) <
𝐵0𝑐𝑟 (𝐻15 ), beyond which onl y discontinuous or no flow conditions persist. The
critical value increases with the decrease in hopper angles. A variabilit y of CDR
at constant parametric condition for different hopper angles provides the measure
of how well the cohesive powders flow compared to cohesion -less materials in
the specific geometry. A reduced CDR for H 4 5 implies lesser variabilit y in the
hopper geometry for cohesive materials than H 1 5 compared to the cohesion -less
materials. This effect is more sig nificant at lower 𝐵0 values, where CDR (H 4 5 ) <
CDR (H 3 0 ) <CDR (H 1 5 ).
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(d) Effect of Vibration : Vertical vibration is introduced for particles which
do not flow under gravit y. Such vibration allows the formation of convection cells
along the hopper walls w ith increased discharge along the central core. This
causes breaking of arches and aids in flow for cohesive materials. However, mass
discharge rates may slow down under such vibration in cases of free -flowing
materials (Janda et al., 2009; Wassgren, Hunt, Freese, Palamara, & Brennen,
2002). The initial studies are done on the cohesionless materials in H 3 0 . A reduced
discharge rate is obtained with vibration Γ = 3.68, (

𝑊
𝑊0

= 0.96 where, 𝑊 is the

discharge rate with vibration, and 𝑊0 is the discharge rate without vibration).
𝑊

Similar studies with H 1 5 and H 4 5 provides similar results, (𝑊 ≈ 0.9), for both the
0

hoppers (Fig. 2)
Stiffness coefficient and coefficient of restitution have minimal effects on
hopper discharge rates under gravit y ( i.e., no external vibration is present).
Similar trend is observed for hopper discharge under vibration for stiffness coefficients > 10 5 (g/sec 2 ) and coefficient of restitution > 0.2. (Fig. 9).
Henceforth, all the vibrational simulations of cohesive particles are done at
stiffness–coefficient (5 × 105 ) (g/sec 2 ) and coefficient of restitution value of 0.8.
Particle discharge is obtained for all three hopper geometries beyond 𝐵0𝑐𝑟 with
the introduction of vibration (Fig. 10). The discharge rate at a constant vibration
is predominantl y governed by the Bond number or the material cohesivit y. As the
discharge rates for the cohesive powders under vibration are significantl y slower
for all three hopper geometries, the impact of hopper geometry on the variation

176
of CDR at the higher bond numbers are less compared to unaided flow under
gravit y. The 𝐵0 is varied from 50 to 200 during vibration induced flow. Flow is
obtained

in

H 1 5 for

particles at

𝐵0 = 50 ( < 𝐵0𝑐𝑟 (𝐻15 )) under

gravit y.

The

introduction of vibration significantl y decreases the discharge rate of the cohesive
𝑊

particles at 𝐵0 = 50 ( 𝑊 = 0.75). This suggests flow of powders can be further
0

slowed down by vibration in hopper geometries where the powder discharges
under gravit y. Vibration allows breaking of agglomerates in cohesive powders,
those do not otherwise flow unaided under gravit y. Breakage of these
agglomerates facilitate the flow of the particles from the hopper. Co-ordination
number (CRN) calculates the average number of particles in contact with another
particle and provides an estimation of the cohesion induced agglomeration (Fleck,
2004; Naik et al., 2016) . The CRN of the particles initiall y increase with the
increase in Bond numbers finall y leading to no -flow conditions. Introduction of
vibration bypasses the no -flow condition at the critical 𝐵0 values, by breaking of
agglomerates causing a non -monotonic beh avior near the 𝐵0𝑐𝑟 . Vibration reduces
the agglomerates which is relevant from the initial decrease of the (CRN) of the
discharged particles beyond the critical value (Fig. 11). The effect of friction in
vibration mediated flow is comparatively lesser compared to discharge under
gravit y at higher granular bond numbers (Fig. 12). The alteration of wall or inter particle friction from 0.9 to 0.3, leads to a variation of 0.9% and 1.3% respectivel y
at 𝐵0 = 100. Application of mechanical vibration reduces the effects of particle
wall friction due to reduction of wall shear stress to a minimum value beyond a
maximum vibrational velocit y, as has been observed in limestone powders against
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stainless steel (max vibra tional velocit y 0.04 m/sec) (Kollmann & Tomas, 2001) .
The vibration velocity in the present study is maintained constant at 0.095 m/sec
and from the observed hopper discharge studies suggest this value is beyond the
critical vibrational velocit y for the system.
3.2.

Experiments
The preliminary discharge experiments are done on glass beads at three

different humidit y conditions (Fig. 2). The deviation for the discharge rates across
the humidit y conditions for glass b eads are 0.26%, 0.25% and 1.33% for the
15 (H 1 5 ), 30 (H 3 0 ) and 45 (H 4 5 ) hoppers respectivel y. Due to little variabilit y in
discharge rates, mean discharge rates of glass beads (considered equivalent to
cohesionless materials of DEM) are implemented to calc ulate the CDR of the
pharmaceutical excipients. A discharge under gravit y is obtained for Fast Flo
Lactose at all three humidit y conditions for all three hopper geometries. However,
no flow is obtained for Avicel 101 at either of the humidit y conditions at any of
the hopper geometries. Avicel SCG 102 flows under gravity for H 1 5 and H 3 0
hoppers at all three humidit y conditions, but no flow is achieved in H 4 5 at 40%
and 60% RH (Table .3). Discontinuous-flow is obtained at 20% RH for H 4 5 .
Vertical vibration is added to calculate the CDR for Avicel PH 101. The vertical
vibration is also introduced to calculate the flow variabilit y of glass beads, and
the results are similar to the DEM simulations (Fig. 2). The average discharge
rate tends to reduce for glass beads for all the hopper geometries with the
introduction of vibration.

The initial studies are done at H 3 0 , and the effective

CDR is in the order Avicel PH101 > Avicel SCG 102> Fast Flo Lactose at all
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humidit y conditions. However, it is observed that although % moisture content
for Fast Flo Lactose is less than 0.2% (w/w) even at 60% RH, it shows maximum
variabilit y in CDR compared to Avicel SCG 102 and Avicel PH 101, those have
notabl y much higher moisture contents (Fig. 13). The tra nsition of flow to no flow conditions amongst the hopper geometry in Avicel SCG 102, suggests
cohesive forces to be in the neighbor of the critical values in H 4 5 . It flows in H 1 5
and H 3 0 but has discontinuous or no -flow in H 4 5 (Fig. 14). A drop in CDR for
Avicel SCG is noted beyond 20% RH due to increased funnel flow tendencies
(observed visuall y), which leads to proliferated discharge (Fig. 15). In the
vibrated s ystem, Avicel PH 101 shows negligible changes in CDR beyond 20%
RH for all three hopper geometr ies. The probable reason may include, a maximum
cohesion induced by surface moisture, followed by predominantl y bulk moisture
sorption in the amorphous regions.
3.3. Model Validation
The pharmaceutical excipients have been chosen to encompass the different
CDR responses based on the DEM simulation. Discharge rates for glass beads are
validated against the experiments both for discharge under gravit y and vibrated
hoppers and are in proximity. The DEM CDR responses vary at different frictional
conditions and Bond numbers, as altering any of the parameters alter the
corresponding CDR. The different parameters are preliminaril y compared to
match the experimental CDR values of the pharmaceut ical excipients for H 1 5 and
H 4 5 . To gain a better understanding of the parameters, the flow/no-flow conditions
under gravit y are also compared to estimate the range of the parametric values.
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If at a specific bond number and frictional value, the DEM CDR are in proximit y
to the experiments (for a specific excipient and at a fixed %RH) for both the
hopper angles, the parametric values are then introduced to H 3 0 . If corresponding
DEM CDR values are comparable (< 3% deviation) against the experimental CDR
values (Fig. 15) in H 3 0 , the parameters are assigned as the DEM equivalent to
predict the cohesive behavior for a specific %RH condition. The DEM equivalent
granular bond number varies from 5 (20% RH) to 20 (60% RH) for Lactose Fast
Flo (𝜇𝑝𝑤 ≥ 0.7 and 𝜇𝑝𝑝 = 0.5). In all three conditions CDR (H 1 5 ) > CDR (H 4 5 )
similar to experiments. The variabilit y in CDR for Lactose Fat Flo experiments is
approximatel y 10% (8.9% for simulations) across all the humidit y conditions
resulting in a 300% variation in the equivalent DEM B 0 . This might be pertinent
to predict flow properties of relativel y low cohesive material and future modeling
in different geometries. Compared to Lactose Fast Flo, the variations in the
equivalent DEM B 0 for Avicel SCG 102 is very limited across three different
humidit y conditions and remains around 30 ( 𝜇𝑝𝑝 = 0.3 and 𝜇𝑝𝑤 = 0.5 (20%RH) and
0.8 (40 and 60% RH)). No flow is obtained for H 4 5 at these values, similar to the
experiments. Vibration mediated flow is achieved beyond B 0 c r to predict the flow
patterns of Avicel PH 101. The DEM equivalent for CDR shows good accordance
with H 3 0 and H 4 5 . However, unlike the experiments CDR (H 1 5 ) > CDR (H 3 0 ), is
not obtained in the course of the simulation, and hence the equivalents are chosen
with minimum deviation from the experimental observations in H 1 5 and the CDR
patterns for H 4 5 .
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4. Conclusion and Future Work
Previous studies in the literature have suggested the application of bond
numbers for pharmaceutical excipients, both by DEM and theoretical models
(Alexander et al., 2006; Capece et al., 2015; Chaudhuri et al., 2006) . However, to
our knowledge, quantification of moisture induced cohesion and its subsequent
alteration of granular bond numbers on pharmaceutical powders have not been
reported. In this study, t hree different pharmaceutical powders have been reported
to predict the various flow responses based on humidit y conditions. In the case of
no flow conditions, the induced cohesion is modeled under vibrational conditions.
The assumptions of DEM modeling of ten restrict the exact predictions of material
properties for the pharmaceutical excipients. However, the trends observed in
DEM simulations for cohesive materials are in good accordance with the
experimental patterns. The variabilit y in powder flow due to alteration in moisture
content leads to various impediments, and simple hopper flow simulations can
quantify these effects. These properties can be further introduced in different
geometries as part of future work, to simulate processing outcomes at vario us
humidit y conditions. This DEM model is computationall y less demanding and can
be a useful predictive tool for pharmaceutical powders at different humidit y
conditions. Lactose Fast Flo is a free -flowing powder. The variations in granular
bond number suggest, that free-flowing, low moisture containing powders could
be more susceptive to flow variabilit y, than cohesive powders with high moisture
retention. However, the amorphous contents of lactose are susceptible to glass
transition at high humidit y cond itions in room temperature, and may explain the

181
variabilit y in flow due to increased stickiness. For more cohesive powders, no
significant difference in DEM equivalent bond number was noticed for Avicel
SCG 102. This suggests a more consistent processing c ondition for relativel y less
free-flowing materials. In the case of Avicel PH 101, a variation in equivalent
DEM granular bond number is obtained , but its subsequent alteration of flow
properties is small. In the course of this study, a simple experimental l y validated
computational model is proposed, to predict the variations in flow tendencies in
pharmaceutical powders at different humidit y conditions, and as a part of future
work, the model will be further implemented to study the flow of mixtures and in
various geometries.
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Tables

Table. 1. Baseline parameters of DEM simulations
Cohesion -less
particles

Cohesive particles

10000

10000

Radius (µ m)

450

450

Densit y (kg/m 3 )

2500

1500

0

5

10 6

10 6

10 6

10 6

0.8

0.8

0.8

0.8

0.15

0.3

0.15

0.3

0

0.2

Simulation Parameters
Particle Number

B0
Stiffness Coefficient
2

(particle-particle) (g/s )
Stiffness Coefficient
2

(particle-wall) (g/s )
Coefficient of Restitution
(Particle-Particle)
Coefficient of Restitution
(particle-wall)
Friction Coefficient
(particle-particle)
Friction Coefficient
(particle-wall)
Rolling Friction
Coefficient (mm)

183

Table. 2. Pharmaceutical Excipients (All studies done directly from containers
supplied by manufacturer). *US Pharmacopoeia Chapter <1174> Powder Flow.

Materials

Manufacturer

Flowability*
d 5 0 Carr’s (Based on
(µ m) Index
Carr’s
Index)

Lactose Fast Flo
316

Foremost Farms

92

16.15

Good-Fair

Avicel SCG 102

FMC Biopol ymer

142

23.11

Passable

Avicel PH 101

FMC Biopol ymer

55

32.13

Very poor
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Table. 3. Pharmaceutical Excipients flow (F) – no flow (NF) conditions at
different %RH and Hopper geometries without aid of vibration

%RH

20% RH

40% RH

60% RH

Hopper

H15

H30

H45

H15

H30

H45

H15

H30

H45

Lactose Fast
Flo

F

F

F

F

F

F

F

F

F

Avicel SCG
102

F

F

NF

F

F

NF

F

F

NF

Avicel PH 101

NF

NF

NF

NF

NF

NF

NF

NF

NF
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DEM based Granular Bond Number B0

140
120

Lactose fast Flo
Avicel SCG 102
Avicel PH 101

100
80
60
40
20
0
20

40

RH (%)
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60
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Figures

Fig.1. Hopper Geometry

187

Fig. 2. Discharge rates of glass beads (20%, 40% and 60% RH) and cohesion-less particles (DEM)

188

Fig. 3. Hopper (H30) discharge at different granular bond number B0

189

Fig. 4. Variation of CDR with granular bond number B0 at different frictional conditions

190

Fig. 5. Effect of inter-particle friction on CDR

191

Fig. 6. Effect of particle-wall friction on CDR

192

Fig. 7. Mass Flow Index (MFI) at different friction values and granular bond number B0

193

Fig. 8. Effects of hopper geometry on CDR and critical bond number B0cr

194

Fig. 9(a). Effects of stiffness co-efficient on CDR in vibrated hoppers

Fig. 9(b). Effects of co-efficient of restitution on CDR in vibrated
hoppers

195

Fig. 10. Effects of granular bond number B0 on CDR in vibrated hoppers

196

Fig. 11. Effects of vibration on CDR and particle co-ordination number at µpp = µpw = 0.3

197

Fig. 12. (a) Effects of particle-wall friction on CDR in vibrated system (b) Effects of inter
particle friction on CDR in vibrated system. Both studies are done at B0 = 100

198

Fig. 13. Experimental results of the variation of moisture content and CDR (H30) for pharmaceutical
excipients at different humidity conditions

199

Fig. 14(a). Experimental results of the variation of CDR (H15) for pharmaceutical excipients at
different humidity conditions

Fig. 14(b). Experimental results of the variation of CDR (H45) for pharmaceutical excipients at different
humidity conditions

200

Fig. 15. Experimental and simulation CDR values of the pharmaceutical excipients
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Abstract

The flow properties of pharmaceutical mixtures can alter significantl y
depending on the constituent materials and humidit y conditions. In the course of
this study simple Discrete Element Method (DEM) based models have been
implemented to predict moisture i nduced cohesion in excipient mixtures at 20%,
40% and 60% RH. Blending experiments were performed for the excipients at
those humidit y conditions, and statistical anal ysis was executed to predict the
granular bond numbers based on the hopper discharge stud ies. The interaction
Bond number of the excipients are quantified, allowing appropriate selection of
mixture concentrations at different humidit y conditions.

Keywords: DEM, cohesion, simplex centroid, powder mixtures
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1.

Introduction
Optimization of powder flow properties in the pharmaceutical industry is

necessitated by extensive applications of solid dosage formulation and continuous
impediments faced by the industry due to content uniformity issues. Reliable
process modeling enables an efficient app roach to reduce various drawbacks in
powder handling and processing including segregation, agglomeration, material
loss, all of which may actuate content uniformit y issues. The pharmaceutical
mixtures present further challenges, as physical interaction bet ween individual
materials makes it difficult to predict the flow behavior of the blends.
Environmental variables such as humidity, storage conditions, temperature, and
atmospheric contaminants also aggravate the possibilit y of accurate prediction of
flow behaviors. Relative humidit y (%RH) plays a pertinent role in altering powder
flow properties, as moisture content variations can adjust the force models
governing the powder properties. Electrostatic charging, van der Waal’s forces,
and the formation of liq uid bridges can all be changed by moisture content, which
may vary from material to material, and at different humidity conditions. The
individual forces can vary independently at different %RH and it is difficult to
predict the different forces separatel y . Liquid bridge induced cohesion dominates
the cohesive forces at higher moisture content, while at low moisture content
electrostatic charging and van der Waal’s forces are the dominant interaction
forces. These forces alter between individual materials a nd again between
different excipients based on the moisture content.

Inappropriate mixing and

alteration of cohesion modulated by variation in moisture content can not onl y
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alter the flow but can jeopardize tablet properties like disintegration, dissoluti on,
hardness, friabilit y and chemical stabilit y. The present study focuses on
implementing the previousl y developed Discrete Element Model to predict the
flow behavior in cohesive pharmaceutical mixtures by predicting the Granular
bond numbers of the mixtu res at different concentrations and different humidit y
conditions. The model predicts the cumulative effect of the various forces on the
mixtures, and the variation of the forces in different humidit y conditions.
2.

Materials and Methods
The mixing studies were performed on three different pharmaceutical

excipients, Lactose Fast Flo, MCC SCG 102 and MCC Avicel PH 101 as shown in
Table. 2, in an Aluminum (Al) V -blender at three different humidit y conditions
(RH 20%, 40%, and 60%). The indiv idual materials were pre -weighed based on
the mixture concentrations to be studied and spread evenl y in thin layers on
aluminum trays inside a RH controlled glove -box. The powders were allowed to
equilibrate for 48 -72 hours. RH equilibrated powders were th en introduced into
the Al V-blender by right-left loading for two-component systems (Lemieux,
Bertrand, Chaouki, & Gosselin, 2007; Lemieux et al., 2008) . In case of three component s ystems, the third material was loaded in equal volume in the r ight
and left arms of the V -blender. All studies were performed in the RH controlled
glove box, to maintain the equilibrium moisture contents during the experiments.
Appropriate sieving was performed to minimize the transfer of powder lumps into
the V-blender. Once the mixing was done, the mixture was further equilibrated
for 24 hours in the RH controlled glove box, and the equilibrated mixture was
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used for further studies. The V -blender dimensions were maintained similar to
previousl y implemented mixing st udies (Naik, Sarkar, et al., 2016) with a 40%
(v/v) fill volume for all mixture concentrations (Fig. 1). Individual materials were
studied in the V -blender to reduce any variabilit y in flow rates introduced due to
the mixing process. The blending studies were performed at a speed of 21 rpm for
14 min (Brone, Alexander, & Muzzio, 1998) . Mixing characterization for three component s ystems was performed by Raman spectroscopy using a Kaiser RXN1
with PhAT probe and a 785nm Invictus laser (Kaiser Optical S ystems Inc.) (Short,
Cogdill, & Anderson, 2007) . However, instead of protruding the probe into the Al
blender, a powder thief sampling tip of 1.0 ml with a 12.5 mm diameter body
(QAQC LAB) was used to collect the mixing samples and were anal yzed by non contact sampling options using the PhAT probe with a 3 mm optic head. 6 samples
were collected from the V blender for the three component system (1:1:1 %w/w),
and 2 random samples from the mixture discharged from the V blender as a
separate experiment from the study of the sampling inside the V blender. Spectral
anal ysis was performed using F. Menges, Spectragryph – optical spectroscopy
software, version 1.2.4, 2017, http://www.effemm2.de/spectragryph/ .
The V-blender wall material, which in this case was aluminum, can itself
be a source of static charging (Mukherjee et al., 2016) for both the individual
materials and the mixtures. To quantify and minimize the charge generated during
blending, triboelectric charging studies were further performed . The blends were
collected directl y in a Faraday cup (284/22B 6” Diameter Faraday Cup from
Monroe Electronics, New York, USA), and the charge was recorded with the help
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of a Nano-Coulomb Meter (Model 284, Monroe Electronics, New York, USA)
connected to the Faraday cu p. Once the charging studies were performed, the
powders were introduced in two different hopper angles (15

and 30

from the

vertical) at 50% (v/v) fill volume. The blends or individual powders were loaded
into the closed hoppers and allowed to flow into a petri-dish placed on a digital
mass balance, by opening the hopper discharge gate. The hopper flow rates (g/sec)
were recorded and anal yzed digitall y in a movie recorder to inspect flow
variabilit y up to one -hundredth of a second.
During no-flow conditions, vertical vibration was introduced to induce flow.
The vibration was maintained at a constant frequency (f) and amplitude (A). The
vibration is denoted by the dimensionless acceleration

(ratio of vibrational

acceleration and acceleration due to gravi t y), where,

Γ=

𝐴(2𝜋𝑓)2
𝑔

(1)

Constant vibration was maintained at frequency 60Hz and dimensionless
acceleration equivalent to Γ = 3.68. The discharge rates were calculated based on
the time (sec) required to discharge at least 95% of the fill mass and expressed as
a dimensionless cohesive discharge ratio (𝐶𝐷𝑅), given by,
𝐶𝐷𝑅 =

(𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑒𝑠 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠−𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑒𝑠 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑣𝑒 𝑚𝑎𝑡𝑒𝑟𝑖𝑎𝑙𝑠)
𝐷𝑖𝑠𝑐ℎ𝑎𝑟𝑔𝑒 𝑟𝑎𝑡𝑒𝑠 𝑜𝑓 𝑐𝑜ℎ𝑒𝑠𝑖𝑜𝑛𝑙𝑒𝑠𝑠 𝑝𝑎𝑟𝑡𝑖𝑐𝑙𝑒𝑠

(2)

The discharge rates of the glass beads from the hopper geometries at three
different %RH were obtained from a previous study and considered as a cohesion less particle to calculate the CDR of different mixtures.
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Discrete Element Method based computer modeling follows the
trajectory of individual particles (Cundall & Strack, 1979) using the first
principle. The change in position and direction are calculated at small time steps,
and the new coordinate sets are initialized for the calculation of the next time
step. The net force ∑ 𝐹 acting on each particle is given by the sum of the
gravitational force ( 𝑚𝑔), the inter-particle collisional forces (normal { 𝐹𝑁 } and
tangential { 𝐹𝑇 }), and the cohesive forces ( 𝐹𝐶𝑜ℎ𝑒𝑠 ) acting on the individual particle
(Eq. 3).
∑ 𝐹 = 𝑚𝑔 + 𝐹𝑁 + 𝐹𝑇 + 𝐹𝐶𝑜ℎ𝑒𝑠

(3)

The corresponding torque ( 𝑇) acting on each particle of radius 𝑟𝑖 is the sum of the
moments of the tangential forces ( 𝐹𝑇 ) (Eq. 4).
∑ 𝑇𝑖 = 𝑟𝑖 × 𝐹𝑇

(4)

The normal forces (𝐹𝑁 ) for inter-particle or particle -wall collision are modeled
with the “partiall y latching spring force model” proposed by Walton and Braun
(Walton & Braun, 1986) . The tangential forces ( 𝐹𝑇 ) were modeled by the
“incrementall y slipping friction model” proposed by Walton (Walton, 1993).
The mixture cohesivity was studied using the previousl y developed Discrete
Element Model to predict moisture induced cohesion. The model predicts the DEM
based granular Bond Number 𝐵0 (Eq. 5), where,
𝐵0 =

𝐹𝐶𝑜ℎ𝑒𝑠
𝑚𝑔

(5)
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The dimensionless parameter 𝐵0 (Alexander et al., 2006; Chaudhuri, Muzzio, &
Tomassone, 2010; Faqih, Chaudhuri, Mehrotra, Tomassone, & Muzzio, 2010) is
independent of the particle sizes and is a ratio of the cumulative cohesive forces
due to electrostatic forces, van der Waal’s forces, and liquid bridges to the weight
(𝑚𝑔) of the individual particle. The previousl y developed DEM model was
implemented to predict the system cohesive forces for the mixtures, at different
humidit y conditions and based on the system’s granular Bond Number, statistical
anal ysis was performed to define the interaction parameters between the different
excipients. The experimental CDR responses for mixtures were compared to the
DEM based CDR responses for cohesive particles. In case of no -flow conditions
a vibration algorithm was incorporated to the cohesion model to induce flow
identical to experimental conditions.
The mixture/s ystem Bond Number 𝐵0,𝑚𝑖𝑥 is a function of the weight fraction
of the constituent excipients and is defined as,
𝐵0,𝑚𝑖𝑥 = ∑𝑛𝑖=1 𝐵𝑖 𝑋𝑖 + ∑𝑛𝑖=1 ∑𝑛𝑗=1 𝐵𝑖𝑗 𝑋𝑖 𝑋𝑗

(6)

where, 𝐵𝑖 is the Bond number of the ith excipient with weight fraction 𝑋𝑖 , and
𝐵𝑖𝑗 is the interaction Bond number between two different components i and j with
weight fractions 𝑋𝑖 and 𝑋𝑗 respectivel y. The interactive Bond numbers 𝐵𝑖𝑗 = 𝐵𝑗𝑖 .
The interaction Bond number is defined as the ratio of the net adhesive forces
acting between the two materials i and j, and the harmonic mean of the weight of
the materials in a two components system (Appendix I). The net adhesive force
between two components is given by,
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𝐹𝑎𝑑ℎ𝑒𝑠𝑖𝑣𝑒 = 𝐵𝑖𝑗 . 𝑊𝐻𝑀

(7)

where, 𝑊𝐻𝑀 is the harmonic mean of the weight of the two material s in the
mixture.
The moisture content of the mixtures is determined from the equilibrium
moisture content of individual materials studied by Dynamic Vapor Sorption at
20%, 40%, and 60% RH. The water content of the mixtures at any given
humidit y is predicted by using Eq. (8) (Dalton & Hancock, 1997) ,
𝑀𝐶𝑚𝑖𝑥 = ∑𝑛𝑖=1 𝑊𝑖 𝑀𝐶𝑖

(8)

where, 𝑀𝐶𝑚𝑖𝑥 is the moisture content of the mixture, 𝑊𝑖 is the weight of
individual component 𝑖, with equilibrium moisture content 𝑀𝐶𝑖 at a specified
humidit y condition (Fig. 2). A Simplex Centroid Design is employed in Minitab
18 for the 3 components s ystem with the 10 Design Points (Fig. 1) to predict the
interaction parameters, from the cumulative DEM based granular Bond number
obtained for different mixing conditions.
3.

Results
Tribocharging is the phenomenon of charge transfer when two different

material surfaces are brought into contact and separated (Lowell, 1976). The
charge transfer leads to the generation of surfaces with either positive or negative
polarit y leading to Coulombic interactions, thus altering the cohesive forces,
mostl y at low humidit y conditions. The magnitude and polarit y of the charge
generated are dependent on multiple factors i ncluding material work function
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differences, particle sizes, surface roughness, elastic modulus, moisture content,
surface contaminants, etc. Materials having a lower work function tend to release
electrons to surfaces having higher work functions when coming in contact and
thus charge positively. The surface with a higher work function, gains electrons
and charges negativel y. The blending process allows interactions between the
powders and Al wall of the V–blender and also between the individual excipients.
The charge generated due to tribocharging between the Al wall and the powders
act as an external variable and may alter significantl y if the wall material is
changed. Table. 1. repres ents the work functions of different blender wall
materials commonl y used in pharmaceutical industry. Hence, the choice of
parameters leading to minimum charging due to particle wall interactions is
desired. A study was performed to understand the magnitud e of the charge
generated as a function of fill -volume for the aluminum V -blender. The study was
performed for a single-component system (Lactose Fast Flo), as for mixtures it
can be difficult to predict if there was an actual reduction of charge generatio n or
if the net magnitude of charge was low due to a combination of positive and
negative charges (Naik, Sarkar, et al., 2016) . Fig. 3. represents the magnitude of
the specific charge (charge/mass) of Fast Flo Lactose at different fill volumes,
generated in the Al V-blender at 21 rpm for 14 min. Charging was reduced
significantl y as the fill volume increased, and became nominal at 40% fill volume,
in which all the mixing experiments were performed in the course of this study.
At the proposed fill volume, the decrea se in particle-wall interactions decreases
tribocharging, although it must be mentioned , there remains a possibilit y of inter -
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particle charge transfer between different size fractions of the same material that
may cause bipolar charging in identical materials (Mukherjee et al., 2016) . The
negative polarit y in charging is explained by the lower work function of aluminum
compared to the pharmaceutical excipients.
The triboelectric charging of the mixtures was further studied at th e three
different humidit y conditions (Fig. 4). At low fill volume, the net magnitude of
charges decrease significantl y in pharmaceutical mixtures (Naik, Mukherjee, et
al., 2016) at low humidit y conditions compared to individual materials. However,
at higher fill volume the charging phenomenon is dominated by the inter -particle
charge transfer, and at 20%RH the maximum charging is obtained in the 1:1
mixture of MCC SCG 102 and MCC Avicel PH 101. This might indicate higher
Coulombic interactions between these two materials, when compared to the
interactions of either materials with Lactose Fast Flo at low humidit y conditions.
The net charge drops sharpl y with the increase in humidit y and becomes negligible
at 60% RH although no change in charging is obtained for Lactose Fast Flo, which
can be explained by the low moisture c ontent (Fig. 2) of the material (Choi,
Taghavivand, & Zhang, 2017) .
The mixing characterization was performed at 20% and 60% RH using the
Raman PhAT probe. Characterization was performed for a three component
(1:1:1) mixture, as mentioned previousl y, by tracking the concentration of Lactose
Fast Flo in the samples collected. A calibration curve was developed for Lactose
Fast Flo (Fig. 6) from known concentrations of aliquots by tracking the peak
intensit y of Lactose Fast Flo at a Raman shift of 851 cm - 1 . This peak was absent
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for SCG 102 and Avicel PH 101. Baseline correction was performed before
calculating the peak intensit y. The Raman peak intensit y increases linearl y with
the increase in concentrations. Ideal mixing would result in each sample having
the same peak intensit y of Lactose Fast Flo, as the peak intensit y is a function of
the concentration. Hence, the percentage relative standard deviation (%RSD) of
the Lactose Fast Flo peak intensit y is studied to ensure mixing uniformit y. The
%RSD increases from 3.55 to 4.03% as the humidit y in creased from 20% to 60%
RH. Good overlapping peaks are observed for replicate samples collected at both
the humidit y conditions (Fig. 7), suggesting uniform mixing of the blend. The
calibration curve equation slightl y underpredicts the peak concentrations but can
act as a supporting tool to provide an estimate of the material concentrations.
The hopper discharge studies were performed in replicates of 5 for the mixtures
and individual materials at the three different humidit y conditions for two
different hopper angles. The hopper discharge rates were studied in comparison
to previous experiments for the glass beads at the two different hopper angles and
the respective CDRs were determined (Mukherjee et al., 2018) . The mixtures did
not flow under gravit y even at 20% RH for either hopper angles if the
concentration of Avicel PH 101 was greater than one -third of the mixing
concentrations (Fig. 8(a) & 8(b)). The number of blends those did not flow under
gravit y increase d as the %RH increase d. The CDR responses (Fig. 9) and the flowno flow conditions provide the basis f or the choice of DEM based Granular Bond
numbers as studied previousl y (Mukherjee et al., 2018) . Although the granular
bond numbers predicted from DEM models are not the complete exact
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representation of material cohesivit y, the previous studies have shown the model
to provide a concrete idea about the material flow behaviors at different humidit y
conditions. The experiments perform ed at 20% RH suggested better flow for the
mixtures when compared to the individual material. However , theg flow for 1:1
mixture of MCC SCG 102 and MCC Avicel PH 101 worsened compared to
individual components. One of the probable reason could be the increa sed
Coulombic interactions due to electrostatic charge transfer between the particles.
As the humidit y was increased the flow of the 1:1 mixture, showed very little
change and fared better compared to the moisture induced variation of the
individual materials. This might be further evidence of static charge induced
interaction at low humidit y, as increase in humidit y reduces charging by
increasing surface conductivit y. The equivalent Bond number of the mixtures
were calculated from DEM based CDR values obta ined in the previous chapter.
The frictional values are assumed within the range of the minimum and maximum
frictional values of the individual excipients. The rotational friction was kept
constant along with all other simulation parameters. Fig. 10 repres ents the DEM
based Granular Bond numbers of the pharmaceutical mixtures calculated from the
previousl y developed model. Based on the interaction parameters obtained for the
different materials the interactive Bond number was calculated (Table 2). The
predicted values of the individual excipients remain un changed compared to the
values obtained from the DEM calculations. However, the interaction parameters
showed inconsistent trends as the humidity was altered (Fig. 11).
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Fig. 12 represents the S ystem Bond n umber for binary mixtures based on
the interaction parameters calculated in Fig. 11. The interaction between Lactose
Fast Flo and SCG 102 increased monotonicall y as a function of moisture content.
As the humidit y increased from 20%RH to 60% RH, the interac tion between the
materials were lower than the individual Bond numbers of both the materials. As
the moisture content was low at 20% RH, the cohesion may be mostl y induced by
electrostatic charging and van der Waal’s forces for uncharged particles. As the
humidit y increased, the variations in net cohesion of the binary mixtures was more
non-linear, with regions of maximum cohesion in the region of Lactose Fast Flo
concentration around 30% (w/w) at 60% RH. The interaction forces however, ma y
not be independentl y applicable to define the mixing cohesion, as the cohesion is
a cumulative impact of the individual materials and their interactions. Although,
a good mixture would desire low cumulative cohesion, with higher intra excipient
adhesion.
The interaction parameter for Lactose Fast Flo and Avicel PH 101 was
significantl y higher at 20% RH, and dro pped sharpl y at 40% and 60% RH. On the
other hand, the net cohesion of the system increased with humidit y. This might
be an important parameter for mixing design p urposes. The calculation of
probable variations of individual forces is out of scope for the present study,
however, the low humidit y conditions may favor more electrostatic interactions
between different materials, hence improving the adhesive interaction compared
to the inter particle cohesion of identical materials. At higher concentration of
Lactose Fast Flo (>60% w/w) the difference in cohesion between 20% and 40%
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RH was negligible, and at lower concentrations (<40% w/w), the difference in
cohesion bet ween 40% and 60% RH was negligible. This provides an opportunit y
to prepare binary mixtures with minimum variations across those humidit y
conditions. High moisture contents are also known to bring the glass transition
temperature of amorphous lactose cont ent below room temperature. Lactose Fast
Flo is spray dried and have an amorphous content (3%-7%). If the glass transition
falls below room temperature, the material can make the mixture sticky and more
cohesive. As a result, it should be one of the parame ters that needs to be taken in
to account during choosing appropriate blends. At higher humidit y conditions
water is absorbed more on to the amorphous bulk of the Microcrystalline Cellulose
compared to the surface, and may be a potential factor leading to similar behavior
of the mixtures at 40% and 60% RH.
The SCG 102 and Avicel PH 101 interaction parameter increases at 20% RH,
decreases at 40% RH and again increase at 60% RH . Tribocharging studies showed
maximum charge generation in the binary mixture of SCG 102 and Avicel PH 101.
As the interaction parameter was high and the net cohesion of the system was
comparativel y lower at 20% RH, the mixture can be a good choice for formulation
purposes. The interaction decreased at 40% RH , suggesting a reduction in
Coulombic interactions . At 60% RH, the binary mixtures of the two MCC
materials had very high moisture contents (Fig. 2) and may lead to formation of
liquid bridges hence further increasing the adhesive forces leading to increased
mixture cohesion.
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4.

Conclusion
A previousl y developed DEM model was implemented to predict moisture

induced cohesion in pharmaceutical excipients at different humidit y conditions.
Based on the system cohesion, calculated from the flow rates and flow -no flow
conditions from two di fferent hopper angles, the interactive Granular Bond
number of the three pharmaceutical excipients were determined statisticall y. The
interactions varied as the humidit y was changed. The predictive algorithm
developed from the experimental and DEM observat ions provide a simple model
to quantify the cohesion of pharmaceutical mixtures from the data obtained for
individual excipients. Based on the interactive parameters and the system
cohesion, excipients can be chosen appropriatel y at different humidit y cond itions.
If the humidit y condition is kept constant, excipient concentrations can be
selected to achieve desired cohesion levels, for both 2 components and 3
components s ystems (Fig 13(a), 13(b) and 13(c)). If the humidit y is altered, the
model can predict how the net cohesion of the system of a specific concentration
will alter with the humidit y. This provides a leverage to choose excipients in a
flexible way. The individual materials show variations in cohesion as the humidit y
is altered. The color variati on in triangle vertices of the ternary diagrams (Fig.
13) suggests the same. The mixture cohesion however, is less variable across
different humidit y conditions compared to individual materials. Hence, moisture
equilibrated mixtures provide better opportun it y to provide a consistent
processing condition than the materials individuall y. The (%) deviation of the
different mixing conditions are plotted in Fig. 14. The blue regions suggest lower
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variation of moisture induced cohesion across different humidity c ondition. The
region of least variabilit y can also be determined from the deviation data and can
be implemented for pharmaceutical processing. This will allow to implement a
mixture design with least dependency on humidit y variations. The method
simplicit y also allows the predictive model to extend to higher number of
components. Although DEM based bond numbers do not represent exact cohesion
or cohesion variations of the individual component or mixtures, the present model
allows a simple, computationall y l ess demanding option to reduce experimental
load, as a preliminary guideline to the choice of excipient and humidit y conditions
for powder processing. The model will be further implemented to predict
variations of flow in different geometries as a part of future work.
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Tables

Table.1. Work Function of common blender wall materials

Materials

Work Function (eV)

Aluminum

4.33

304 Stainless Steel

4.3

PMMA (Plexiglas)

4.51

Teflon

6.01

Nylon

4.43

PVC

5.33
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Table.2. Granular Bond number of individual materials and interactive Bond
number of Pharmaceutical excipients

Material

Material Bond Numbers
20 % RH

40% RH

60% RH

Lactose Fast Flo

4

9.41

23.42

MCC SCG 102

21.2

30.41

35.51

MCC Avicel PH 101

77.3

124

120.33

Lactose Fast Flo-MCC SCG 102

2.8

9.7

16.4

MCC SCG 102-MCC Avicel PH 101

76.2

52.3

80.5

Lactose Fast Flo-MCC Avicel PH 101

53

13.3

15.6

R2

0.94

0.99

0.97
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Figures

Fig. 1. Design space for the weight fractions of the constituents for mixture studies.
Red dots represent the mixture concentrations studied in each of the humidity
condition.
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Fig.2(a). Moisture contents (%w/w) of the blends at 20% RH

Fig.2(b). Moisture contents (%w/w) of the blends at 40% RH
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Fig.2(c). Moisture contents (%w/w) of the blends at 60% RH
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Fig. 3. Specific charge of Lactose fast Flo as a function of fill volume at 20% RH in Al V-blender.
Red color indicates higher magnitude of charge, green color indicates zones of minimal charging
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Fig. 4(a). Specific charge of the mixture concentrations at 20% RH in an Al V-blender

Fig. 4(b). Specific charge of the mixture concentrations at 40% RH in an Al V-blender
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Fig. 4(c). Specific charge of the mixture concentrations at 60% RH in an Al V-blender
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Fig. 5. Calibration curve for Lactose Fast Flo at different concentrations at Raman Shift 851 cm

-1
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Fig. 6. Raman spectra of single component systems of Lactose Fast Flo, MCC Avicel PH 101, MCC SCG 102
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Fig. 7. Raman spectra of the samples collected from the 1:1:1 mixtures at 20% and 60% RH
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Fig. 8(a). Red spheres represent mixing concentrations those do not flow under gravity and requires vibration
to initiate flow at different humidity conditions for 30⁰ Hopper Angle

Fig. 8(b). Red spheres represent mixing concentrations those do not flow under gravity and requires vibration
to initiate flow at different humidity conditions for 15⁰ Hopper Angle
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Fig. 9. Cohesive Discharge Ratio (CDR) of the mixing concentrations at different humidity condition for 30⁰
Hopper Angle. A- Fast Flo Lactose, B- MCC SCG 102, C-MCC Avicel PH 101
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Fig. 10. DEM based Granular Bond Number of the blends at three different humidity conditions. A- Fast
Flo Lactose, B- MCC SCG 102, C-MCC Avicel PH 101

236

Fig. 11. Variation of Bond numbers of the individual materials and the interactive Bond number at 20%, 40% and
60% RH. A- Fast Flo Lactose, B- MCC SCG 102, C-MCC Avicel PH 101
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Fig. 12. Variation of Bond numbers in two-component system at different humidity conditions
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Fig. 13(a). Ternary diagram of the DEM based Granular Bond numbers at 20% RH

Fig. 13(b). Ternary diagram of the DEM based Granular Bond numbers at 40% RH
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Fig. 13(c). Ternary diagram of the DEM based Granular Bond numbers at 60% RH

240

Fig. 14. Ternary diagram of the % deviation from 20% to 60% RH at different mixing concentrations
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Appendix I

The mixture/s ystem bond number for a two components system is defined as,

𝐵0,𝑚𝑖𝑥 = 𝐵1 𝑋1 + 𝐵2 𝑋2 + 𝐵12 𝑋1 𝑋2 + 𝐵21 𝑋2 𝑋1
𝐵0,𝑚𝑖𝑥 = 𝐵1 𝑋1 + 𝐵2 𝑋2 + 2𝐵12 𝑋1 𝑋2
𝐵0,𝑚𝑖𝑥 = 𝐵1

𝑊1
𝑊

+ 𝐵2

𝑊2
𝑊

+ 2 𝐵12

(𝑠𝑖𝑛𝑐𝑒, 𝐵12 = 𝐵21 )

𝑊1 𝑊2
𝑊 𝑊

where, 𝑊1 and 𝑊2 are the weight of materials 1 and 2 in the 2-components mixture and 𝑊 is the net
weight of the system, that is (𝑊1 + 𝑊2 ).
Hence, the net cohesive force acting on the system,
𝐵0,𝑚𝑖𝑥 . 𝑊 = 𝐵1 𝑊1 + 𝐵2 𝑊2 + 2 𝐵12

𝑊1 𝑊2
𝑊

𝐵0,𝑚𝑖𝑥 . 𝑊 = 𝐵1 𝑊1 + 𝐵2 𝑊2 + 2 𝐵12

𝑊1 𝑊2
𝑊1 + 𝑊2

𝐵0,𝑚𝑖𝑥 . 𝑊 = 𝐵1 𝑊1 + 𝐵2 𝑊2 + 𝐵12 𝑊𝐻𝑀
(𝑊𝐻𝑀 is the harmonic mean of the weight of excipient 1 and 2)

246
Appendix II

The CDR is calculated from the discharge rates of the different mixing
concentrations. The mean discharge rates of the mixtures from the 30

hopper

angle at 20%, 40% and 60% RH. The relative standard deviation for each
discharge rate is less than 5%.
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1

0

0

20

9.65

0

1

0

20

3.51

0

0

1

20

3.18

0.5

0.5

0

20

6.84

0.5

0

0.5

20

4.40

0

0.5

0.5

20

2.94

0.33

0.33

0.33

20

3.99

0.66

0.165

0.165

20

7.65

0.165

0.66

0.165

20

5.78

0.165

0.165

0.66

20

3.01

1

0

0

40

8.85

0

1

0

40

4.74

0

0

1

40

2.21

0.5

0.5

0

40

6.57

0.5

0

0.5

40

3.73

247
0

0.5

0.5

40

2.53

0.33

0.33

0.33

40

3.79

0.66

0.165

0.165

40

6.95

0.165

0.66

0.165

40

3.94

0.165

0.165

0.66

40

2.99

1

0

0

60

7.50

0

1

0

60

4.70

0

0

1

60

2.20

0.5

0.5

0

60

6.30

0.5

0

0.5

60

3.83

0

0.5

0.5

60

2.23

0.33

0.33

0.33

60

3.24

0.66

0.165

0.165

60

4.86

0.165

0.66

0.165

60

4.02

0.165

0.165

0.66

60

2.86

Appendix III

248
The Raman PhAT probe implemented for mixing characterization
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Summary and Future Work
In the course of the research work, efforts have been made to anal yze and
systematicall y quantify triboelectric charging and moisture induced cohesi on in
pharmaceutical materials by thorough experiments, critical statistical anal ysis ,
and 3D-Discrete Element Modeling. A preliminary model has been developed to
predict triboelectric charging during hopper flow in Chapter 2, for monodispersed particles. The impact s of hopper geometry, particle size, particle particle friction, particle -wall friction, rolling friction, and van der Waal’s forces
on particle charging has been established by modeling electron transfer based on
work function differences . The model establishes the impact of multiple force
models during hopper flow at low humidit y conditions. The study further
identifies the limitations of the DEM model to anal yze charging. O ne of the
restriction

includes implementation of charging model between

identical

materials and probable mechanisms leading to such charging patterns and has been
addressed in Chapter 3. In Chapter 3, the mechanism of charge transfer between
identical materials with different size fractions has been investigated in hopper
chute flow. The differential adsorption of moisture on particle surfaces based on
particle size was identified as a potential factor altering of material work
functions. Densit y Functi onal Theory studies confirmed the change in material
work function due to moisture sorption. The work functions were introduced into
the DEM model based on specific moisture content (moisture adsorbed/ area) , and
the impact of inter -particle charge transfer was established . The modified work
functions of identical materials established the probable mechanism of larger
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particles charging positivel y when coming in contact with smaller particles, which
in turn charges negativel y. In Chapter 4 a statistical model was developed to
understand and analyze charge transfer based on experimental observations for
two different drugs (Ibuprofen and Theophylline) , in the presence of secondary
and tertiary additives during V-blending. The charging reduced significantl y for
pharmaceutical mixtures. Statistical tools using restricted Simplex Centroid
Design with Bonferroni adjustment s were used to quantify the significance of the
mixing concentrations, and material pro perties to anal yze charging. The majorit y
of charging was explained by inter-particle interactions , and coefficients were
estimated to predict the mixture charge at different concentrations. The effects of
blender wall materials, work function differences, particle size, moisture contents
and spreading coefficients had also been included to develop the model and
explain the charge.

The model allows being implemented as a simple

mathematical tool to choose appropriate excipient concentrations to minimize
charge. Chapter 5 focuses on the development of a simple, computationall y less
demanding DEM model to predict the impacts of moisture induced cohesion in
pharmaceutical excipients. The model implements Granular Bond numbers to
predict the cohesio n of materials at three different humidit y conditions for
pharmaceutical excipients, addressing the electrostatic forces, van der Waal’s
forces and cohesion due to the formation of liquid bridges, as a cumulative force
model. Different hopper geometries ha d been implemented to predict discharge
rates and had been compared to cohesion -less particles. Three different
pharmaceutical powders have been reported to predict the various flow responses

251
based on humidit y conditions. In the case of no flow conditions, the induced
cohesion is modeled under vibrational conditions. The assumptions of DEM
modeling often restrict the exact predictions of material properties for the
pharmaceutical excipients. Ho wever, the trends observed in DEM simulations for
cohesive materials were in good accordance with the experimental patterns. The
variabilit y in powder flow due to alteration in moisture content leads to various
impediments, and simple hopper flow simulatio ns were implemented to quantify
these effects. Chapter 6, further implements the DEM model developed in
Chapter 5 and predicts the moisture-induced cohesion in two and three component
mixtures. Based on the s ystem cohesion, calculated from the flow rates a nd flowno flow conditions from two different hopper angles, the interactive Granular
Bond number of the three pharmaceutical excipients are determined statisticall y.
The interaction parameter of individual excipients showed significant variations
in different humidit y conditions , and the model was implemented to predict the
variations based on the cohesion parameters implemented from the previous
chapter. If the humidit y condition is kept constant, excipient concentrations can
be selected to achieve desired cohesion levels, for both two components and three
components s ystems. If the humidit y is altered , the model can predict how the net
cohesion of the system of a specific concentration will adjust to the humidit y.
This provides leverage to choose excipients flexibl y.
Hence, in the course of the work , multiple methods have been developed to
provide a better understanding through simple modeling techniques, which may
contain alternatives to extract information for each particle from the simulation
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model that would be tough to obtain experimentall y. Thus, embracing different
process models have the potential to significantl y reduce the experimental efforts,
save resource and cost, decrease the number of rejected batches during scale-up,
thereby ensuring the qualit y of the manufactured product and patient safet y.
The present work provides the potential to incorporate the tribocharging
models into other geometries and also further improve the DEM models by
altering particle shapes and combine with different modeling techniques like CFD
to predict the impact of dry/moist air in tr iboelectrification as a part of future
work. Powder flow variations due to the moisture-induced cohesion can also be
further investigated in shear cell geometries, to anal yze flow functions of
individual materials and mixtures at different humidit y conditi ons. The cohesion
parameters can be obtained from the methods developed in Chapter 5 and the
interaction parameters for mixtures from Chapter 6 . Further scope of work also
provides the opportunit y, to discretize the net cohesion parameters and calculate
the contribution of the individual forces in altering the particle flow.

